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A  BSTRA  CT 


This  repoi't  is  conconicd  with  the  Uieoiy  and  conlii nuition  of  a 

S*  ratOS])hcriC-t  i’O])OSj)fl0riC  CXCh«iiJ^C  wliiCii  aCCOiiipaiiiOS  a  lOldiilf;  oi  fliO 
Iropopause.  Air  from  the  lower  part  of  the  cyclonic  stratosi)heie  is 
extruded  to  form  a  tliin  inclined  layer  in  the  tropospliere.  The  Sl’KING- 
FIELD  data  prove  that  the  extruded  tropospheric  layers  contain  radio¬ 
activity  concentrations  typical  of  the  stratosphere.  Concentrations 
exceeding  the  tropospheric  by  one  or  two  orders  of  magnitude  were 
measured  aboard  WB-50  and  RB-57  aircraft  on  specially  vectoied  flight 
paths.  The  sharp  change  in  concentrations  at  the  boundaries  also  con¬ 
firms  that  the  folding  process  is  predominantly  laminar,  so  it  is  a])pro- 
priatc  to  refer  to  the  exchange  as  a  transport  rather  than  a  diffusion 
process. 

The  agreement  between  the  radioactivity  and  meteorological 
mcr* svi rcri^cnls  is  ror!A2.r*fc3l^lc.  Of  vqIlic  to  tlio 

and  meteorologist  is  the  high  correlation  between  tlie  copcenlrations  of 
radioactivity  and  the  potential  vorticity.  Since  the  latter  can  be  deter¬ 
mined  from  conventional  radiosonde  data,  the  three  dimensional 
distribution  of  the  former  can  bo  a])proximatod.  The  distribu  ;on  is  not 


simple  but  the  presence  of  the  layers  cannot  be  ignored  in  th<  fallout 
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prob’oin.  Kuch  layer  acts  as  a  low  altitude  source  tor  both  wot  and  dry 
fallout. 

The  report  contains  as  coin])lete  a  descri])tion  of  Uie  folding  and 
transi)orl  process  as  is  possible  to  date,  I’liysical  ])rocesses  capable 
of  mixing  tlie  radioactivity  from  the  layers  to  llie  ground  are  also 
discussed,  including  tlicir  jirobable  distribution  with  respect  to  the 
extruded  layers. 


ii 


PREFACE 


Nature  of  Report . 

This  dcxjument  is  a  special  report  on  Project  SPRINGFIELD,  a 
research  program  funded  by  the  Defense  Atomic  Support  Agency  and  the 
Atomic  Energy  Commission.  The  U.  S.  Weather  Bureau  and  several 
universities  and  industrial  groups  have  cooperated  in  this  project,  the 
overall  goal  of  which  is  to  document  and  explain  the  spring  fallout 
maximum  by  use  of  sampling  aircraft  and  intensive  collection  and 
radiochemical  analysis  of  rainfall.  This  report  documents  the  first 
major  undertaking  of  SPRINGFIELD:  the  verification  of  tropopause 
folding  as  a  method  of  stratosphere  --  troposphere  exchange  of  fallout 
material. 

A  large  store  of  information  is  now  becoming  available  on  the  amount 
and  location  of  radioactive  debris  injected  into  the  stratosphere  by  nuclear 
weapons  tests,  and  as  a  result,  stratospheric  transfer  processes  are 
beginning  to  be  understood.  The  least  understood  facet  of  world  -  wide 
fallout  has  been  the  method  or  methods  by  which  debris  in  the  stratosphere 
enters  the  troposphere.  That  portion  of  Project  SPRINGFIELD  reported 
in  this  document  is  the  experimental  confirmation  of  the  theory  of  tropo¬ 
pause  folding  and  ifs  importance  in  the  transfer  of  radioactive  debris. 


A  C  KNOWLEDGEMENTS 


Project  SPRINGFIELD  was  made  possible  through  the  efforts  of 
Dr.  James  Friend  of  Isotopes,  Inc. ,  Capt.  Adrian  Polk  of  the  Defense 
Atomic  Support  Agency  (DASA),  Mr.  Joshua  Holland  of  the  Atomic 
Energy  Commission,  Dr  Lester  Machta  and  Mr.  Robert  liist  of  the 
United  States  Weather  Bureau  (USWB),  and  Maj.  Edward  Nash  of  the 
Air  Weather  Sei  vice  (AWS). 

Financial  support  for  the  AWS  sampling  aircraft,  the  WB-50  and 
the  RB-57,  was  supplied  by  DASA.  Isotopes,  Incorporated  performed 
the  chemical  analyses  of  the  aircraft  radioactivity  samples  under  a 
contract  witli  DASA.  The  AEC  and  US\^^B  supported  the  release  and 
evaluation  of  extra  radiosonde  ascents  and  a  few  ozonesondes  and 
gammasonde  ascents.  The  laHer  were  supplied  by  P.  Gustafson,  of  the 
Argcnne  National  Labo.ratoi'y ,  who  supervised  the  USWB  releases.  The 
arrangements  were  made  by  Mr.  W.  Hass  of  the  USWL. 

Special  radar  measurements  and  precipitation  samples  were  taken 
in  the  Illinois  Water  Survey  Network  under  the  direction  of  Mr.  Glenn 
Stout.  Extra  large  precipitation  collectors,  designed  to  permit  short 
term  resolution  of  the  radioactivity  in  precipitation,  were  built  and  set 
in  the  Illinois  Network  where  they  were  manned  by  local  volunteers. 


iv 


Messrs.  Larry  Davis  and  Ray  Booker  obtained  similar  measurements  at 
Pennsylvania  State  University,  where  an  extra  large  rain  gauge  was  placed 
in  close  proximity  to  a  voiiicaliy  oriented  ivi33  Radar.  Chemical  analyses 
of  the  Illinois  samples  were  made  by  Isotopes,  Incorporated.  Nuclear 
Science  and  Engineering  Corporation  analysed  the  Pennsylvania  State 
samples.  Financial  support  for  these  precipitation  analyses  came  from 
the  A  EC. 

The  success  cr  failure  of  the  project  depended  upon  the  proper 
positioning  of  the  aircraft  during  sampling.  Major  G.  Corbell  of  the  9th 
Weather  Reconnaissance  Group,  McClellan  AFB,  California,  and  Major 
Pair  of  the  1211th  Test  Squadron,  Kirtland  AFB,  New  Mexico,  contributed 
much  to  formulating  and  organizing  the  flight  plans  and  operational  proce¬ 
dures.  Major  Pair  even  flew  the  first  mission  to  test  the  feasibility  of  the 
RB-57  flight  plans. 

A  similar  willingness  to  extend  themselves  in  the  interest  of  the 
project  was  shown  by  Captain  S.  Martinenko,  55th  Weather  Reconnaissance 
Squadron,  McClellan  AFB,  and  Major  T.  Jensen,  1211th  Test  Squadron, 
who  were  Project  Officers  for  the  WB-50  and  RB-57  aircraft.  The  project 
was  directed  by  the  author  from  the  weather  station  at  Pennsylvania  State 
University.  All  decisions,  flight  plans  and  forecasts  were  telephoned  to 
Captain  Martinenko  and  Major  Jensen,  who,  in  turn,  briefed  the  pilots 
and  crews  prior  to  each  mission. 
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CHAPTER  I 


INTRODUCTION 

ProJ  ect  SPRINGFIELD  was  organized  to  lest  a  theory  of  niass 
transport  from  the  stratosphere  to  the  troposphere.  As  the  tropopause 
folds,  air  from  the  stratosphere  is  drawn  out  to  form  a  thin  layer  in 
the  troposphere.  If  the  exchange  process  is  indeed  a  transport,  the 
radioactivity  and  ozone  concentrations  of  the  stratospheric  air  should 
be  approximately  conserved  during  the  layer  formation.  It  follows 
from  this  that  the  distribution  of  radioacti\lty  in  the  troposphere  should 
be  layered,  with  one  or  more  distinct  maxima  and  minima. 

It  is  generally  assumed  that  radioactivity  enters  the  troposphere 
by  diffusion  --  either  across  the  tropopause  itself  or  along  so-calle  ' 
"break  lines"  in  the  tropopause.  It  is  further  acsumed  that  the  tropo¬ 
sphere  is  characterized  by  vigorous  mixing  which  would  dilute  the  con¬ 
centration  of  any  radioactivity  or  ozone  once  It  entered  the  troposphere. 
From  this  conventional  viewpoint,  high  concentrations  of  radioactivity 
would  be  found  only  in  the  stratosphere,  some  twelve  to  seventeen 
kilometers  above  sea  level.  In  other  words,  the  earth’s  surface  .Miould 
be  insulated  from  the  stratospheric  radioactivity  by  the  complete  depth 
of  the  troposphere  except  for  an  occasional  short  circuit  produced  by 
the  most  intense  cumulonimbus  clouds. 


The  theory  to  be  tested  challenges  both  this  viewpoint  and  its  as¬ 
sumptions.  It  relates  the  folding  process  to  cyclogenesis  and  predicts 
transport,  almost  to  the  earth’s  surface,  when  intense  cyclones  are 
formed.  The  transported  radiorctivity  then  acts  as  a  low  altitude  source, 
of  stratospheric  intensity,  for  both  wet  and  dry  fallout.  It  is  not  difficult 
to  imagine  a  variety  of  physical  processes  which  could  tap  these  sources. 
Several  will  be  discussed  in  this  report. 

It  would  be  misleading  to  leave  the  impression  that  testing  the 
theory  was  the  only  purpose  of  Project  SPRINGFIELD.  It  was  its  cen¬ 
tral  purpose  because  of  obvious  implications  to  all  aspects  of  the  fallout 
problem.  The  project  was  also  organized  to  coordinate  air  filter 
sampling  with  radar  measurements  and  precipitation  sampling.  The 
relative  importance  of  the  numerous  physical  processes  involved  in  wet 
fallout  cannot  be  unscrambled  without  a  coordinated  measuring  program. 
We  may  well  find  the  data  obtained  in  Project  SPRINGFIELD  insufficient 
for  a  solution  to  the  w'et  falic^t  problem  but  it  is  certainly  necessary. 

The  significance  of  programs  of  this  type  is  also  not  restricted  to 
the  problem  of  world-wide  fallout.  Meteorologists  are  continually  hand¬ 
icapped  by  their  inability  to  trace  an  air  parcel's  movement  through  the 
three  dimensional  atmosphere.  Many  misconceptions  have  developed 


because  the  meteorologist  is  conditioned  to  view  the  motion  two 
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dimensionally  or  quasi-two  dimensionally.  A  few  measurements  made 


in  the  riRht  ulace  at  the  rUvht  tim^  a 
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make  them. 
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CHAPTER  U 


THE  THEORY  AND  IMPLICATIONS  OF  TROPOPALSE 

FOLDING 


Historical  Background. 

The  concept  of  a  folded  tropopause  appeared  in  the  literature  as 
early  as  1937.  BJerknese  and  Palmer  (1)  considered  a  folded  tropopause 
as  the  most  hjgical  interpretation  of  certain  high  level  temperature  and 
stability  changes  observed  during  the  European  Serial  Ascents  Program. 

Sawyer,  (2)  in  his  1946  study  of  the  tropopause  over  Great 
Britain,  also  felt  the  data  occasionally  warranted  this  interpretation, 
but  only  occasionally.  He  attempted  a  Lagranglan  analysis  of  the  tropo¬ 
pause,  i.  e. ,  an  analysis  of  the  clianges  following  the  three  dimensional 
trajectories  of  the  air  parcels.  However,  his  trajectories  were  com¬ 
puted  from  constant  pressure  charts  and  therefore  offer  little  assurance 
that  the  computed  trajectories  correspond  to  the  parcel’s  trajectories. 
The  inability  to  trace  and  identify  the  same  air  parcels  as  they  move 
v/ith  time  limits  his  conclusions  to  an  interpretation,  perhaps  correct, 
but  not  demonstrably  correct. 

In  1955,  Reed  (3)  presented  a  rather  convincing  body  of  evidence 
to  demonstrate  that  the  tropopause  actually  does  fold.  Studying  one 
case  of  tropopause  folding  over  North  America,  he  traced  stratospheric 
air  along  descending  trajectories  into  the  troposphere.  Tht;  trajectories 
were  reconstructed  from  the  steamlines  on  isentroplc  surfaces  and 
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vn  ilictl  by  the  parcel's  consistently  large  values  of  potential  vortlcity. 
His  evitience,  althvjugh  internally  consistent  and  physically  nieaiungful, 
did  not  receive  wide  acceptance.  It  is  easy,  of  course,  to  dismiss 
tile  results  of  one  case  study, 

Siipport  for  the  concept  of  tropopause  folding,  based  on  several 
eases,  w'as  iiresented  by  Reed  and  Danielsen  (4)  in  1959.  They  published 
a  cunijiostte  or  mean  cross  section,  oriented  orthogonal  to  the  flow^, 
slMwing  the  distribution  of  potential  vorticity  In  both  the  stratosphere 
and  troiiosphere.  Their  mean  cross  section  showed,  as  did  Reed's 
study  ol  1955,  that  the  large  values  of  potential  vorticity  extended  down 
and  southward  from  the  stratosphere  into  tlie  troposphere.  The  tongue¬ 
like  extension  joined  a  tropospheric  front  at  its  lower  limit  and,  except 
for  its  largo  value  of  potential  vorticity,  was  indistinguishable  from  the 
tro])osplieric  front.  Since  reasonable  physical  processes  would  require 
days  or  weeks  to  create  these  large  values  oi  potential  vorticity  from 
tropospheric  air,  the  authors  argued  that  its  origin  nu  '^t  be  the  strato¬ 
sphere. 

In  the  following  year,  Danielsen  (5)  published  the  results  of  a 
coniiHchensivc  tropopause  study  based  on  isentropic  trajectories  and 
the  original  radiosonde  observations  over  North  America.  The 
original  records  processed  in  detail  contained  many  thin  layers  or 
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Uiniiiiae  oi  high  stability.  Isentroplc  trajectories  demonstrated  strato- 
jj)hcric  sources  for  many  but  not  all  of  these  laminae.  The  evidence 
iinjihed  that  the  foiling  process  was  freniuent,  and  also  implied  that  the 
folding  jnxxluced  thin  layers  which  were  eliminated  from  the  processed 
radiosonde  data  --  unless  two  or  more  laminae  merged  to  form  a  deeper 
lamina. 

During  the  same  year  the  author  analysed  in  detail  one  case  of 
trojiopause  folding  to  evaluate  the  mass  transport  from  stratosphere 
to  troposphere.  This  was  found  to  be  of  the  order  of  10  grams  per  day 
per  storm.  The  research  was  conducted  at  the  Deutsche  Wetter  Dienst 
and  the  results  were  presented  there  at  a  seminar  in  October,  1959. 

The  data  and  results  were  not  published  because  strong  objections 
were  raised  to  the  methods  of  trajectory  computation.  Since  the  answer 
depended  directly  on  the  reliability  of  the  trajectories  the  author  turned 
his  attention  to  developing  a  more  objective  method  of  trajectory  analy¬ 
sis. 

An  objective  method  was  developed  and  published  in  1961, 
Danielsen  (6),  When  the  method  was  applied  to  the  case  previously 
studied  the  former  results  were  confirmed.  But  application  of  the 
method  led  to  a  better  understanding  of  the  folding  process.  In 
particular,  it  clarified  the  roles  of  the  geostrophlc  and  ageostruphic 
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velocity  components.  The  Important  ageostrophic  components  are 
frequently  too  small  to  be  measured,  but  their  integrated  effects  casi 
be  determined  through  the  trajectory  analyses.  Many  of  the  concepts 
to  be  presented  in  the  following  chapters  were  derived  from  the  appli¬ 
cation  of  this  meth(xi. 

In  the  Sjiring  of  1960  the  Weather  Bureau  conducted  a  special 
radioactivity  sampling  program  to  test  the  validity  of  the  theory  of 
tropoj)ause  folding.  They  flew  B-57  aircraft  in  the  vicinity  of  the 
tropopause  over  southwestern  United  States  and  obtained  approximately 
130  reliable  filter  samples  between  March  and  June. 

In  1961,  the  author,  with  the  assistance  of  several  graduate 
students,  determined  the  meteorological  conditions  appropriate  to  126 
samples.  The  number  and  locations  of  filter  samples  for  any  particular 
case  were  not  sufficient  to  prove  or  disprove  the  theory.  But  it  is 
possible  to  check  on  one  aspect  of  the  theory.  As  mentioned  earlier  , 
it  was  argued  iiiai  iiie  largo  values  ot  potential  vorlicity  had  their 
origin  in  the  stratosphere.  If  correct,  this  implied  a  positive  corre¬ 
lation  between  the  concentration  of  radioactivity  and  the  potential  vor- 
ticity. 

Tiie  activity  of  several  isotopes,  such  as  Sr^®,  and 

rr 

Be‘,  were  plotted  using  potential  temperature  and  potential  vorticity 
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as  orthogonal  coordinales.  The  results  appear  in  a  icchnical  repoit  by 
Daniclsen,  Bergman  and  Paulson  (7)  published  in  1962.  All  ol  the 

samples  extracted  from  air  with  a  large  potential  vorticity  had  high 

90  IBS  7  BQ 

Sr  ,  W  and  Be  activities  and  no  measurable  Sr  activity.  Since 

no  measurable  Sr®^  aclivnty  should  have  remained  Irom  the  tests  which 

preceded  the  moratorium,  ihe  assumption  was  confirmed.  On  the  other 
89 

hand,  high  Sr  activities,  unambiguously  attributed  to  the  French 
Sahara  test  of  f’ebruary  13,  1960,  were  extracted  from  air  with 
intermediate  values  of  potential  vorticity  and  within  a  restricted  potential 
temperature  range.  These  samples  came  from  stable  layers  on  the 
anticyclonic  side  of  a  jet,  and  it  is  now  known  that  the  activity  was 
deposited  in  stable  layers,  of  approximately  the  same  potential 
temperature,  on  the  anticyclonic  side  of  the  so-called  "subtropical  jet. 
This  lends  credence  to  the  assumptions  that  potential  temperature  and 
potential  vorticity  are  quasi- conservative  atmospheric  quantities. 

In  the  chapters  immediately  follov/ing,  both  of  these  quantities  will 
be  defined  and  discussed.  They  are  fundamental  tu  all  remaining 
di.scussions;  therefore,  the  author  included  these  chapters  to  assist  the 
reader  who  may  not  find  them  familiar. 

Potential  Temperature.  Tlie  potential  temperature  of  an  air 
jiarcel  is  derived  from  the  first  law  of  thermodynamics  by  assuming  a 
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negligible  heat  transfer  between  the  parcel  and  its  environment.  As  the 
parcel's  actual  temperature  changes  by  compression  or  expansion,  its 
potential  temperature  remains  constant.  It  is  computed  from  Poisson's 
relation 

G  =  T  ^  1 

where  T  and  p  are  the  actual  temperature  and  pressure  and  0  and  p^ 
are  the  potential  temperature  and  reference  pressure.  It  is  customary 
to  choose  1000  mb,  approximately  surface  pressure,  for  the  reference 
so  that  0  is  the  temperature  of  an  air  parcel  compressed  to  sea  level 
pressure.  The  exponent,  k  =  .  286,  is  the  ratio  of  the  gas  constant  to 
the  specific  heat  at  constant  pressure. 

In  the  atmosphere  0  increases  with  height-,  therefore,  O  can  be 
used  as  a  vertical  coordinate  instead  of  the  heigl  t  itself.  If  a  parcel 
moves  without  any  heat  transfer,  its  0  coordinate  is  invariant;  con¬ 
versely,  a  change  in  its  0  coordinate  requires  an  energy  transfe? 
either  by  conduction,  radiation,  a  phase  change,  or  by  mixing  along 
the  0  gradient. 

For  radioactivity  studies,  the  ©  coordinate  has  more  physical 
significance  than  the  usual  height  coordinate.  If  the  radioactive 
particles  are  sufficiently  small  to  remain  in  suspension,  and  this  appears 
to  be  the  case,  at  least  for  the  products  of  air  bursts,  then  they  move 
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with  the  air  molecules  which  suspend  them.  Thej’  arc  subject  to  the 
same  physical  constraints  as  the  air  parcels.  The  thermodynamic  con¬ 
straints  can  be  inteipreted  from  the  0  coordinate.  Values  of  0  >  400^ 


exist  only  in  the  stratosphere.  This  air  can  neither  enter  tiic  troposphere 
nor  reach  the  earth's  surface  without  a  diabatic  process.  Values  between 
300  and  400®K  extend  from  the  stratosphere  into  the  troposphere.  Air 
with  a  coordinate  in  this  range  may  move  from  the  sti  ato&pheie  le  the 
troposphere  by  an  adiabatic  transport;  i.  e. ,  no  diabatic  process  is 
necessary.  At  the  lower  limit  of  this  range,  between  320  and  SOO^K, 
the  air  may  also  be  transported  adiabat-  ly  directly  to  the  earth's 
surface.  What  is  implied  here  is  the  p^-ooibility  of  a  direct  transport 
from  the  lower  stratosphere  to  the  earth's  surface.  Dynamic  constraints 
control  the  probability  of  this  transport  but  we  must  recognize  that 
thermodynamically  it  is  possible. 

From  this  viewpoint  a  stratospheric  injection  of  radioactivity  in  the 
300  to  320^K  range  may  have  as  short  a  residence  time  as  Iropospiieric 
injection,  while  the  concentrations  of  radioactivity  may  be  higher  for 
tlie  former  than  for  the  latter.  The  high  latitude  Russian  explosions 
must  be  considered  in  this  context.  The  usual  distinction  between  a 
stratospheric  and  a  tropospheric  residence  time  may  be  misleading. 


From  thermodynamic  considerations  tlie  residence  time  should  be  a 
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funcliuii  ol  the  O  cuoi diiuilc.  Dynamic  constraints  would  bo  expected  to 
niodily  but  not  negate  the  Q  dependence. 

The  above  discussion  indicates  one  advantage  derived  from  the  use 
of  Q  coordinates.  Another  advantage  is  reali7x*d  in  tlie  use  of  0  surfaces 
for  trajectory  computations.  The  author,  Danielsen  (6),  has  shown  that 
ti ajcctoj  i,es  Computed  from  the  conventional  constar.t  pressure  surfaces 
arc  subject  to  extremely  large  errors  where  vertical  motions  are  large. 
Vortical  motions  in  tlic  atmosphci*e  correlate  positively  with  temperature 
adveciior,  and  the  latter  correlates  witli  a  turning  of  both  the  wind  and 
the  pressure  gi  adient  with  height.  When  these  correlations  exist,  tlie 
curvatures  of  the  parcel's  trajectory  are  always  more  anticyclonic  than 
the  curvatures  of  a  constant  pressure  trajectory.  Thus,  the  parcel  does 
not  remain  in  vertical  alignment  with  the  constant  pressure  trajectory. 
The  horizontal  deviations  are  not  negligible.  Even  in  twelve  hours  they 
may  become  extremely  large  --  of  the  order  of  1000  kn  .  Also,  on  the 
pressure  surface  one  usually  cannot  distinguish  kinetic  energy  changes 
due  to  actual  speed  accelerations  from  changes  due  to  tlie  vertical 
advection  of  kinetic  energy.  The  significance  of  speed  accelerations 
will  be  illustrated  later.  Considering  both  sources  of  error,  constant 
pressure  trajectories  are  only  reliable  when  vertical  motions  are  negli 
gibly  small,  but  those  cases  are  trivial. 


Since  the  parcel's  O  coordinate  is  a  slowly  varying  function  of  time, 
except  in  certain  easily  identified  situations,  both  sources  of  error  are 
eliminated  by  the  use  of  0  surfaces.  The  horizontal  vector  equation  of 
motion  yields  two  scalar  equations,  one  governing  the  speed  accelerations, 
the  other  the  curvature  accelerations.  Sjieed  changes  are  incorporated 
directly  into  the  trajectory  computation.  The  independent  curvature 
equation  can  be  used  as  a  diagnostic  equation  to  check  on  the  reliability 
of  the  analyses.  The  method  breaks  down  only  when  mixing  occurs.  It 
is  important,  therefore,  to  be  able  to  detect  the  regions  of  mixing. 

Potential  Vorticity.  Potential  vorticity,  the  quantity  Reed  used  as 
a  tracer  for  stratospheric  air,  can  also  be  used  to  detect  mixing.  It  is 
a  quasi-conservative  scalar  derived  from  the  vector  equation  of  motion, 
tiic  continuity  and  energy  equations,  and  is  defined  by 

P -aV0-(Vxv  +  2n)  2 


where  a  is  the  specific  volume,  VQ  is  the  three  dimensional  gradient  of 
potential  temperature  and  the  term  in  parenthesis,  tiie  absolute  vorticity, 
is  the  sum  of  the  curl  of  the  velocity  and  twice  the  angular  velocity  of 
tl  earth. 

To  an  excellent  a])proximation  equation  2  can  be  reduced  to 

Pq  =  -g  ^  +  i)  3 

ap 

where  g  is  the  acceleration  of  gra\aty,  ^ ^  is  a  measure  of  the 
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stability  oJ  a  parcel  subject  to  a  vertical  disj)laceineiit  and — ^9  »  f  (the 
sum  of  ttie  horizontal  curl  or  vorticity  nuasured  on  a  Q  nia])  and  the 
vertical  coin])onent.  f  ,  of  the  earth's  vorticity)  is  a  measure  ut  the 
stability  of  a  jxirccl  subject  to  a  horizontal  disjilacement.  Pq  combines 
as  a  product  of  the  two  parcel  stability  critt  i  ia,  namely,  hydrostatic 
stability  and  inertial  stability.  If  both  terms  a  re  jiositive,  a  disjilaced 
parcel  is  forced  back  to  its  equilibrium  position.  It  eitlier  is  negative, 
the  displacemeni  is  amplified  and  mi.xmg  develops. 

As  shown  by  Peed  (3)  and  by  Heed  and  Danielson  (4),  the  values  of 
Pq  in  the  stratosphere  e.xceed  the  troposjiheric  values  by  one,  two  or 
three  orders  of  magnitude.  In  the  absence  of  mixing, 

dPg  -  -g  +  I)  (fJQ)  4 

-HI—  ai>  on 

From  this  we  can  easily  account  for  the  creation  of  largo  stratosjiheric 
and  low  tropospheric  values.  Heating  above  and  cooling  below  increases 
Pq  ,  thus  the  heating  source  of  the  ozone  layer  generates  large  values 
in  the  stratosphere.  Conversely,  heating  at  the  earth's  surface  generaies 
low  values  and  leads  to  vertical  mixing  in  the  troposphere.  When  cloud 
or  moisture  layers  extend  up  to  the  tropopause  the  radial ional  cooling  at 
their  top  accentuates  both  trends. 

do 

Excluding  radiationai  cooling  at  cloud  tops,  cIT  is  a  small  quantity 
in  the  free  almorphcre,  i.  e.  ,  above  the  friction  layer  and  below  the 


o/one  prediction  layer.  Tfiercforo,  Pq  tends  to  be  consei  ved  as  does 


.  I’or 


'I’iods  both  quantities  m)proximate  scalar  invariants  ot 


the-l'luid  and  can  be  used  as  stationary  Lagrangian  coordinates. 

This  ])roperly  permits  one  to  trace  and  identity  air  ot  siratosp!)eric 
properties.  Wlien  the  tropopause  tolds,  tropospheric  air  with  small 
values  ot  Pq  tolds  over  an  extruded  layer  ot  stratospheric  air  witli  large 
values  ot  Pq  .  Since  each  parcel  consc  vos  its  value  ot  Pq  during  the 
folding  process,  the  air  ot  stratospheric  origin  can  be  readily  identified 
even  after  it  is  considered  a  part  of  the  troposphere. 

Tropopause  Folding  --  Two  Dimensions.  The  process  ot  tropopause 
folding  and  the  trajectories  ot  the  extruded  stratospheric  air  w'ill  now  l>e 
traced  out  in  detail  through  a  series  of  two  and  three  dimensional  drawings. 
From  the  many  individual  cases  studied  by  the  author  characteristic 
features  have  been  abstracted  to  assist  the  reader  in  interpreting  and 
appreciating  the  results  of  Project  SPRINGFIELD. 

I  igure  1  includes  a  series  ot  vertical  cross  sections  with  nort.h  to 


the  right.  In  each  cross  section  the  stratospheric  air  has  been  toned 


gray.  The  lines  sloping  upward  to  the  north  in  the  troposphere,  Figure 
la,  and  downward  to  the  north  in  the  stratosphere  arc  lines  of  constant 
Q  .  Since  the  q  lines  slope  upward  in  the  direction  of  colder  tcm])er:  - 
turcs  both  '^H^p  and  ^H^p  ,  the  horizontal  gradients  of  potential 
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and  actual  icniiu  i a(ur«'  at  coiustaiit  ])i'os.surc,  ai  c  duccted 
yuulliwaicl  in  tiic  troj)oyi)lio) and  noi  tliward  in  the  sti  atuyptiorc.  I'lie 
reversal  in  the  liurizontal  teinj)erature  gradient  coincides  \Mtii  the 


trononause  wliicii  siojies  ui-'ward  to  t!ie  soutli. 


Niitc'  that  ^  incrc^ases 


soutlivvard  along  the  tropopause.  In  Figure  lb  and  Ic  tlie  It  ojjoiiause 

stccjiens  and  lolds  as  llie  Q  lines  change  tiieir  sjiacing  and  in  ceitain 

regions  change  tlieir  slope.  Along  the  boundary  between  the  stralos]theric 

and  troposiihei  ic  air  0  still  increases  li  cnn  a  low  value  in  the  north  to  a 

larger  value  in  the  south  but  the  boundary  no  longer  corresjionds  to  a  line 

of  temperature  gradient  reversal.  -iSo  in  the  troposjihere,  a  Iront  has 

formed  along  a  line  extending  soutliward  Irom  the  fold.  In  tlie  frontal  zone 

tlic  Q  surfaces  have  converged  horizontally  so  the  horizontal  ten.iieratuie 

gradient  and  the  stability,  -  0  ,  ^of  the  lroi)os])heric  air  are  comparable 

r)l> 

to  that  of  the  stratospheric  air  within  the  fold.  The  similarity  in  horizontal 
temperature  gradient  and  stability  between  the  troposiiheric  frontal  zon 
and  the  extruded  stratosj>hei'ic  layer  h.as  misled  t!ie  metcorologi  .t  to 


draw-  no  distinction  between  them  as  sliown  in  Figure  2.  A  conventional 
analysis  would  consider  a  troi)osj)heric  frontal  zone  extending  uj)  to  a 
smoothed  tropojiause.  F'urthermore,  the  frontal  boundaries  ai  e  usu.ill' 
disconnected  from  the  trojiopause.  Obviously,  Figures  Ic  and  2  imply 
drastically  different  distributions  of  stratosjihei  ic  air,  radioactivity  and 
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Figure  2  Conventional  Analysis  of  Figure  Ic 


ozoiK’.  As  will  bo  shown,  tho  troj>osi)lioi ic  liuiilal  zotio  and  the  extruded 


st ratosnliei'ic  layer 


diot liijru i siic“d  by  tiu'ir  distiiicily  diilereiii 


values  of  Pq  . 

l-et  us  now  eonsid<‘r  the  wind  field  and  its  changes  as  the  tro])opause 
folds  and  the  troi)OSpheric  front  forms.  It  is  the  wind  field;  s])ecificaUy , 
the  vortieity  of  the  wind  field,  w'hieh  will  permit  us  to  distinguisli  tliem, 
l-'igure  3a  corresponds  to  Figure  la.  The  additional  set  of  dashed  lines 
are  isotachs,  or  lines  of  constant  wind  speed.  In  tliis  case,  they  describe, 
in  knots,  tlic  speed  of  tiie  west  wind,  or  u  component  of  tlie  wind.  The 
black  and  white  arrows  represent  the  4  and  -  v  components  of  the  wind. 
They  have  been  drawn  large  to  permit  a  visual  comparison  of  their 
magnitudes  but  they  are  small  compared  to  tliC  u  components.  The 
significance  of  this  distribution  of  v  comi)onents  v/ill  be  discussed  later. 
First  we  shall  consider  the  u  component  of  westerly  flow.  Note  that  the 
speed  of  tlie  westerlies  increases  witli  height  in  the  troposphere  but 
decreases  in  the  siratos])here.  This  follows  from  an  assumption  that  the 
u  cennponent  is  in  geostrophic  balance.  The  speed  is  then  directly  pro¬ 
portional  to  the  iKuth-sout  h  i)ressurc  gradient  and  this  increases  with 
height  in  the  troposphere  because  the  air  is  warmer  to  the  south.  The 
decrease  in  the  stratosphere  is  due  to  the  reversal  of  the  horizontal 
temperature  gradient. 
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Convergence  and  Changes  in  Velocity 
During  Tropopause  Folding  FigureSb 


As  the  tropopausc  folds  and  a  troj)os])heric  front  forms,  the  isotachs 
of  the  u  component  rotate  toward  the  pattern  in  Figure  3b.  Note  that  the 
distribution  corresponds  to  Ic.  During  the  folding  process  speed 


accelerations  and  decelera¬ 


tions  change  the  vorticity  of  the  wind  field. 


Tlic  Question  arises,  ’’are  these  changes  compatible  with  the  assumption 
of  adiabatic  processes  and  the  conservation  of  potential  vorticity?" 

To  be  compatible,  several  equations  must  be  simultaneously  satis¬ 
fied.  But  before  discussing  these  equations  we  must  distinguish  between 
two  methods  of  analysing  tin*  relative  voi'ticity.  VVe  can  calculate  the 
relative  vorticity  on  surfaces  of  constant  pressure  or  constant  Q.  In 
both  cases  the  iiorizontal  winds  arc  projected  vertical ty  to  a  horizontal 
surface;  i.  c. ,  a  jjressure  oi'  ©  map,  and  then  the  horizontal  derivatives 
are  evaluated  from  the  winds  on  the  respective  maps.  Because  the  © 
surfaces  slope  much  more  than  the  pressure  surfaces,  ttie  iirojocted 
winds  may  differ  considerably.  In  the  iroposjihere  the  relative  vorticity 


rr'iriQt 'A  I't?  n 


“  cU' 


ayp 

may  be  positive  wliile  tiie  vorticity  at  constant  O  , 


© - 


a  u 


a  ,  a  y  © 


is  usually  negative.  Tlie  difference  is  illustrated  tliree  dimeiisic'nally 
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in  Figure  4,  where  the  shear  is  positive,  or  cyclonic,  at  constant  p  and 
negative,  or  anticyclonic  at  constant  0  .  This  difference  is  important 
because  the  two  vorti cities  are  governed  by  different  equations  and  undergo 
change.,  the  opposite  sign  during  frontogenesis. 

When  a  front  forms  in  the  troposphere_^p  increases,  the  stability 
increases,  bu^g  decreases.  The  equations  that  govern  these  changes 
under  adiabatic  processes  are- 

d  +  f)  =  -  (fn  ^  D  "  ^  ^  ^ 

■HT  ^  c^P 

d  (  -  ^  )  -  (  )  div  Vq  6 

"HT  (  ap  )  {  6p  ) 

and  d _  i^Q  +  f  )  =  -  (^q  +  ^  )  div  Vq  7 

W 


These  equations  show  explicitly  that  this  requires  convergence  (negative 
divergence)  at  constant  p  and  divergence  at  constant  0  .  In  equation  5 
the  right  hand  term,  the  so-called  tilting  term,  includes  a  unit  vertical 
vector,  K  ,  the  total  derivative  of  pressure, ,  and  the  vertical  pressure 
derivative  of  the  horizontal  wind.  This  term  is  negligibly  small  initially 
but  may  dominate  later. 

Equations  6  and  7  combine  to  form  the  conservation  of  potential 
vorticity 


d  [ 
dt  Lap 


iX 


Q 


f  ) 


=  O 
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i.o. ,  equation  8  is  the  same  as  equation  4  since  we  have  assumed 
adiabatic  iirocesses.  It  is  obvious,  therelore,  that  tlie  latter  two 
changes,  i.e.,  increasing  slability  and  decreasing\.^,  are  compatible 
with  tlie  conservation  ol  p'otenlial  vorticiiy.  All  three  ch.angcs  are 
compatible  when: 

div  Vp  <  O 
div  Vq  >  O 

Since  the  two  divergencies  arc  related  by 

div  V  =  div  Vq  4  3  V  •  V  9 

39 

the  last  term  must  be  negative  and  dominant.  Several  authors  have 
neglected  this  term  in  equation  9  by  pointing  out  that  where  the  vertical 
wind  shear  is  geostrophic,  4^  is  orthogonal  to  V0p  and  the  dot  product 


is  zero.  However,  when  the  wind  shear  is  geostrophic,  div  Vp  and  div 
Vq  are  also  probably  small,  so  the  argument  is  not  applicable 
Certainly  in  tropospheric  frontogenesis  it  must  be  the  dominant  term 
and  it  must  be  negative. 

A  velocity  distribution  that  satisfies  these  requirements  is  shown 
in  Figure  3a.  If  we  neglect  all  variations  in  the  x  direction,  normal  to 
the  cross  section,  then  the  v  components  determine  the  divergences. 

At  constant  p  the  positive  v  (black  arrow)  reverses  to  a  negative  v 
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(white  arrow)  in  the  positive  y  dir'^ction,  thus  there  is  convergence  at 
constant  p.  At  constant  0  tlie  positive  v  component  increases  in  magni¬ 
tude  in  the  y  direction,  thus  there  is  divergence  at  constant  0.  It  is  also 

clear  that  calculated  from  tiie  v  components  --  the  ageostrophic 

< '  0 

components  --  points  to  the  north  while  V0j3  points  to  the  south:  th.ere- 
fore,  the  last  term  of  uation  9  is  negative.  The  gradient  of  the  u  com¬ 
ponent,  which  is  in  geostrophic  balance,  contributes  nothing  to  the  last 
term. 

It  is  also  interesting  that  these  conditions  on  div  Vp,  and  div  Vq 
require  a  large  tilt  in  the  axis  of  the  convergence  at  constant  p.  It  can 
be  shown,  when  variations  in  x  are  neglected,  that  the  tilt  from  the 
vertical  must  slightly  exceed  the  tilt  of  the  0  surfaces.  This  checks 
out  empirically  because  the  tropospheric  fronts  contain  appro.ximately 
the  same  0  surfaces  from  the  ground  to  great  heights. 

If  we  examine  the  equations  of  motion  we  can  recognize  how  the 
vorticity  changes  are  produced.  For  no  variation  in  the  x  direction, 

du  =  fv  10 

Hr 

d  iy^)  =  -_y_  1  1 

“Hr  2  P^y 

where  p  is  the  density  and  -^P  is  everywhere  negative.  The  vorticities 

are  computed  from  -  -44t-  ^  ,  and  we  find  from  equation  10 

0 
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that  u  increaaob  where  v  is  positive,  (black  arrow)  and  \  ice  versa. 

Obviously,  the  u  components  Increase  where  the  arrows  are  black  and 
decrea  e  where  the  ai  rows  are  white  with  the  result  that  the  wind  shear 
at  constant  pressure  becomes  strongly  cyclonic.  On  the  other  hand,  the 
u  component  increas<‘s  more  rapidly  (or  decreases  less  raj)idly)  to  the 
north  on  the  constant  O  surface.  7'hus,  as  the  anticyclonic  shear  is 
increased,  the  relative  vorticity  becomes  more  negative. 

It  is  also  easy  to  .see  how  the  ageostrophic  components,  the  black 
and  white  arrows,  advect  the  G  surfaces  horizontally  toward  each  other, 
thereby  producing  larger  and  larger  stabilities. 

The  ageostrophic  components  in  Figure  3a  were  not  determineu 
analytically  nor  numerically,  but  they  are  qualitatively  and  roughly 
quantitatively  consistent  with  the  speed,  vorticity  and  stability  changes 
between  Figures  3a  and  3b.  They  were  included  in  Figure  3a  to  illustrate 
that  all  of  the  changes  are  compatible  with  the  adiabatic  assumption  and 
the  conservaiion  of  potential  vorticity. 

It  sliould  be  pointed  out  that  equation  9  can  be  used  to  eliminate  div 

Vq  from  equation  6.  Then  this  can  be  added  to  equation  5  to  produce 

d  f -  Q  (^G  tf)l  =  -t  f)  V  •  V  Q  ^  a  Q  (K  ^V)  Q 

dt  1  AP  J  P  p  ,^p 

The  product  in  the  brackets  is  not  conserved,  but  on  the  contrary, 
increases  rapidly  in  frontogenesis.  Unfortunately  there  are  many  jilaces 


25 


in  llic  literature  where  this  product  with^^^  ,  not_>^  ,  is  called  the 
potential  vorticity.  The  confusion  has  led  sonic  meteorologists  to 
conclude  that  frontogenesis  is  incompatible  with  tlie  conservation  of 
potential  vorticity.  Also,  it  lias  contributed  to  a  general  niistiust  of 
potential  vorticity  calculations. 

We  have  seen  a  case  v^here  all  clianges  are  comi)atible  and  from 
these  changes  we  caii  distinguish  between  the  tropospheric  frontal  zone 
and  tlie  extended  layt'r.  As  sliown  in  Figxire  3b,  the  increase  in  tropo¬ 
spheric  stability  requires  a  decrease  ,  i.o.,  it  becomes  more 


-r 


negative.  On  the  otlier  hand,  in  the  stratospheric  air  is  initially 
positive  and  wlicre  the  stability  decreases,  as  lor  example  just  north  of 
the  becomes  more  ijositive.  Therefore,  when  the  stabilities  ar 

com])arable, 

^ 0  •  O  characterizes  the  ti  opospheric  air 
0  >>  O  characterizes  the  stratospheric  air 
and  in  general 

P©  (in  the  layer)  >  1’q  (io  tbe  troposphei  ic  front). 

This  is  consistent  with  the  initial  conditions  where 

pQ  (stratosphere)  >>Pq  (troposphere). 

Tropopause  folding  -  Three  Dimensions  .  We  have  considered  tlie 
folding  process  in  only  two  dimensions  to  clarity  the  role  of  the 
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atii'ost roj)liic  motions.  AIllioiit;h  tliosc  atU'(  strophio  voloc'itios  aro  small, 
li  i.‘(jiiiL’ silly  too  small  lo  bo  moasurod,  llioy  ])rociuoo  llio  ail  imiiortatit  spood, 
stability  and  vortioity  olian^os  in  both  thi'  strn(os])hoi'io  and  troposjilioiio 
air. 

To  obtain  a  ])ro])or  throe  dimensional  pieluro  ol  the  loKunj;  wo  must 
also  consider  llie  geostropliic  motion.  It  is,  ;Ut<.  r  all,  (he  dominant 
motion  and  as  w'o  shall  see,  it  initiates  the  lolding  and  di'tormines  the 
lorm  ol  tlie  extruded  layei.  I-igure  5  altemjits  to  illustrate  in  tiiroo 
dimensions  these  tw'o  projiertics  ol  tlie  geostroiihic  How.  In  the  u])j)er 
right  you  art  looking  down  on  a  magenta  colored  Irojiupause  which  slojies 
upward  to  tlie  soutlmest.  Ttie  potential  temperature  increases  along  tlie 
tropopause  Irom  300  to  340^^K.  The  0  -  320®K  intersection  is  at  the  jet 
core  where  the  geostrophic  vv'ind,  showm  by  the  long  wiiite  vector,  is  Irom 
tlie  northwest.  vOn  the  horizontal  surlace,  which  represents  a  jiressure 
surface,  Ihe  winds  decrease  and  the  temperatures  increase  going  both 
northeast  and  southwest  from  the  jet.  This  is  illustrated  by  the  winds 
at  A  and  D  and  the  red  isotherms. 

To  obtain  the  gcostroiihic  winds  at  the  tropopause  we  integrate  liom 
])oint  A  down  to  q  =  SOO^^K,  i.  e.  ,  w'e  add  the  negative  thermal  wind 
vector  (red)  to  the  wind  at  point  A.  Tlie  resultant  wind  (black)  is  rotated 
toward  the  southwest  .  It  then  has  a  com])unent  wdiich  advects  the  low 
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tropopause  southwest.  At  point  B  we  add  the  thermal  wind  vector  lo 
obtain  the  tropopause  wind  at  0  =  340^K.  Here  we  find  the  resultant 
vector  is  rotated  toward  the  northeast.  It  has  a  component  which  advects 
the  high  tropopause  northeast.  Since  the  wind  at  0  =  320^K  produces  no 
advection  wo  can  see  that  the  tropopause  steepens  relative  to  the  jet 
core  simply  by  geostrophic  motions. 

The  steepening  is  a  consequence  of  the  thermal  field  wliicli  has  this 
shape  between  a  ridge  and  the  next  downstream  trough.  Thus,  the 
tropopause  should  be  steeper  in  the  trough  than  in  the  ridge.  East  of 
the  trough  the  thermal  field  reverses  so  the  tropopause  becomes  less 
steep  by  geostrophic  m.otions.  If  only  geostrophic  motions  occurred, 
the  process  would  be  reversible  --  tropopause  steepening  to  tlie  trough, 
flattening  to  the  ridge.  But  vertical  motions  and  the  small  ageostrophic 
components  render  the  process  irreversible.  With  the  cold  advection 
the  northwest  flow  descends  and  the  tropopause  surface  folds  as  shown 
in  the  lower  left  of  Figure  5.  The  strong  winds  draw  out  the  folded  layer 
to  a  crescent  shape  as  shown  by  the  white  flow  arrows  which  extend  from 
the  shaded  layer,  and  the  dashed  magenta  outline.  In  other  words,  the 
foldea  layer  (viewed  from  above)  has  a  crescent  shape,  wliile  in  the 
vertical  it  appears  as  a  thin  layer  inclined  downward  to  the  south.  Since 
it  is  inclined  .  it  intersects  a  pressure  surface  as  a  narrow  zone  approx¬ 
imately  parallel  to  the  wind.  It  has  the  horizontal  temperature  and  wind 
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speed  gradients  characteristic  of  a  tropospheric  front,  but  as  we  saw, 
it  has  a  much  larger  potential  vorticity. 

Trajectories  in  Extruded  Air.  We  may  now  turn  our  attention  to  the 
three  dimensional  trajectories  in  the  extruded  stratospheric  air  as 
illustrated  in  Figure  6.  The  horizontal  plane  contains  a  surface  map 
analysis  appropriate  to  the  extruded  flow.  The  vertical  pla  le  is  included 
to  aid  the  illusion  of  three  dimensional  space. 

Starting  at  the  upper  left,  the  trajectories  descend  and  fan  out. 

The  deformations  in  the  flow  pattern  are  extremely  large  and  very 
significant.  A  long  thin  rectangle  parallel  to  the  jet  in  the  upper  left 
is  deformed  to  a  long  thin  rectangle  perpendicular  to  the  flow  along  the 
leading  edge  of  the  extruded  layer. 

The  deformations  are  related  to  the  speed  decelerations  character¬ 
istic  of  the  descending  flow.  To  the  right  of  the  jet,  facing  downstream, 
the  air  is  super  geostrop  hie.  Because  it  is  supergeostrophic,  the  air  is 
decelerated  and  turned  to  the  right.  As  it  descends,  it  continues  to  enter 
a  weaker  and  clockwise  rotated  geostrophic  field.  It  therefore  continues 
to  be  supergeostrophic  and  experiences  further  speed  reductions  and 
anticyclonic  turnings.  In  extreme  cases  this  trend  continues  until  the 
air  descends  almost  to  the  earth's  surface  where  it  forms  the  south¬ 
easterly  flow  around  the  surface  anticyclone  or  high  pressure  area. 
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F  rum  cutisUint  pressure  analyses  one  would  not  suspect  that  the  low 
h  ve!  anticyclone  is  led  by  descent  Irorii  the  upper  troposphere  or  lower 
sii  atusj.^)iere.  On  the  constant  0  analyses  this  descent  and  deformation 


is  oha ! actevisnr  of  every  cyclogenetic  process 


Tl'.e  descent  does  not 


usealiy  conunue  to  the  earth's  surface  as  laminar  flow.  Turbulent 


eddies  (deaerated  at  the  surface  by  rough  terrain  and/or  sui'LL<-e  hcviting 
j.'eneirate  and  mix  with  (he  descending  air.  The  mixing  dilutes  the 
radioactivity  concentrations  because  the  tropospheric  air  ascending  in 


the  eddies  is  viriually  unconlaminated.  As  we  shall  see,  the  surface 
induced  mixing  may  extend  to  dejilhs  of  10,000  and  15,000  feet.  When  this 
happens,  the  if adioactivity  concentrations  arc  significantly  reduced. 

Dry  laiJfXJt.  The  descending,  anticycloineal  turning  bianch  of  the 
flow  piaxluces  dry  falioni  at  the  ground  several  thousand  kilometers  to 


tlic  south  of  the  point  wiuaa:  tlio  folding  is  initialed,  Tne  resulviug 


suilaee  coneoiUrations  are  a  tunetion  of  the  initial  lower  stialospheric 
concenD  at  ions  and  the  ratio  of  troposjilicric  to  stratospheric  aii  which 
is  mixed  by  the  luilAilent  eddies  genera'ied  at  Uie  earih’s  suiiaee.  It 
should  be  noted  iienr  ihat  the  desceiidmg  siralosjihenc  an  also  iransiiorts 
high  velocities  dov.'nward,  at  tin  same  lime  tfie  eddies  carry  low  velocities 
upward.  I^arge  vertical  shears  are  jiioduced  which  sujiply  the  energy 
to  .sustain  oi  increase  tlie  mixing,  in  other  words,  low  Pichardson's 
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numbers  are  generated  near  the  top  of  the  mixing  layer.  The  combina¬ 
tion  of  the  downward  momentum  transport  and  surface  heating  promotes 
vigorous  mixing,  strong  gusty  surface  winds  and  dry  fallout. 

Wet  Fallout.  Returning  now  to  Figure  6  and  directing  our  attention 
to  the  central  and  left  portions  of  the  extruded  flow  we  note  that  this  air 
descends  until  it  reaches  the  trough.  After  it  passes  the  trough  it 
ascends.  The  ascent  may  begin  to  the  west  of  the  surface  front  but 
continues  well  in  advance  of  the  front.  At  its  leading  edge  the  ascending 
dry,  stable  stratospheric  air  flows  above  ascending  moist  or  saturated 
air.  The  high  stability  of  the  stratospheric  layer  suppresses  vertical 
cloud  development  but  the  presence  of  the  dry  layer  over  saturated  air 
is  potentially  unstable.  As  the  ascent  continues  the  latent  heat  released 
at  the  base  of  the  layer  by  the  condensing  water  vapor  decreases  the 
stability. 

When  the  stability  is  reduced  to  a  critical  value,  the  cumulus  clouds 
break  through  the  layer  and  are  then  accelerated  upward  by  strong 
bouyancy  forces.  A  line  of  rain  showers  and  thunderstorms  quickly 
develops  along  the  leading  edge  of  the  destabilized  layer.  As  the 
cumulus  clouds  penetrate  and  break  through  the  layer  torroidal  circula¬ 
tions  entrain  the  stratospheric  air  into  the  growing  cloud.  If  the  radio¬ 
activity  in  the  stratospheric  air  is  attached  to  freezing  or  condensation 
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nuclei,  the  radioactivity  will  then  enter  the  precipitation  cycle.  Since 
the  stratospheric  air  is  known  to  contain  sulphate  particles,  Junge  (8), 
Friend  (9)  and  ice  nuclei,  Bigg  (10)  this  mechanism  may  be  quite  probable. 
At  present  the  process  can  only  be  inferred;  it  remains  to  be  proven  or 
disproven. 

The  destruction  of  the  stratospheric  layer  along  its  leading  edge  is, 
however,  not  an  inference.  Trajectories  in  the  stratospheric  air 
consistently  overshoot  the  leading  edge  —  where  surface  observations, 
radar  measurements  and  satellite  photographs  confirm  the  presence  of 
a  line  of  cumulonimbus.  All  of  the  evidence  fits  the  concept  of  a  laminar - 
like  transport  toward  the  leading  edge  where  entrainment  in  the  developing 
cumulonimbus  destroys  all  of  the  air's  stratospheric  characteristics. 

The  layers  constitute  a  source  for  radioactivity  —  a  source  with 
stratospheric  concentrations  but  located  several  thousand  feet  below  the 
stratosphere  proper.  If  the  tropopause  did  not  fold  and  extrude  these 
layers,  cumuli  would  have  to  penetrate  the  stratosphere  to  entrain 
similar  concentrations.  In  many  cases  this  would  require  that  the  clouds 
attain  elevations  some  40  or  50  thousand  feet  above  sea  level.  Further¬ 
more,  the  air  extruded  in  the  layers  comes  from  the  cyclonic  stratosphere 
where  the  potential  vorticity  is  always  large  in  magnitude,  while  the  huge 
cumulonimbus  which  penetrates  the  stratosphere  may  entrain  air  from 
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the  anticy clonic  stratosphere  where  ilie  potential  vorticity  may  be  as 
small  as  that  of  tropospheric  air.  The  samples  taken  in  1960  by  the 
RB-57's  and  some  taken  by  the  WU-2's  for  HASP  showed  very  low  con¬ 
centrations  of  radioactivity  in  this  region  of  the  stratosphere  while  the 
samples  taken  in  the  cyclonic  stratosphere  always  contained  large  con¬ 
centrations.  If  we  can  generalize  from  the  measurements  made  to 
date,  cumulus  penetration  into  stratosphere  air  is  necessary  but  not  a 
sufficient  requirement  for  the  entrainment  of  air  rich  in  radioactivity, 
while  cumulus  penetration  into  air  with  a  large  potential  vorticity  may  be 
both  necessary  and  sufficient. 
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CHAPTER  1 1 1 


OPERATION  OF  PROJECT  SPRINGFIELD 

Flight  and  Sampling  Requirements . 

In  most  of  the  existing  sampling  programs  the  flight  operations  are 
kept  simple.  Flight  tracks,  altitudes  and  sampling  pi\'cedures  are 
determined  and  held  constant.  The  data  obtained  is  then  interpreted 
statistically  in  terms  of  the  mean  distribution  with  latitude  and  altitude 
and  the  deviations  from  the  mean. 

For  Project  SPRINGFIELD  this  approach  would  be  inappropriate. 

The  samples  had  to  be  taken  relative  to  the  atmospheric  structure 
wherever  the  structure  happened  to  be.  However,  since  a  theoretical 
model  was  being  tested  we  could  prearrange  an  optimum  set  of  sampling 
positions  which  could  be  held  invariant  relative  to  the  structure.  In 
this  way  the  pilots  and  crews  could  concentrate  on  locating  the  structures 
and  not  worry  about  where  or  when  to  make  a  sample. 

The  sampling  procedures  were  adjusted  to  take  advantage  of  the 
asymmetry  of  the  extruded  layer.  An  aircraft  flying  perpendicular  to 
the  wind  would  observe  rapid  changes  in  wind,  temperature  and  relative 
humidity  as  it  crosses  the  short  dimension  of  the  structure.  Obviously 
the  perpendicular  flight  track  would  be  most  useful  for  detection  of  the 
layer.  Conversely,  a  parallel  flight  track  should  produce  slow  changes. 


36 


and  therefore  be  ideal  for  saniplitig.  The  oriuntuliun  of  the  fligiii  duriup 
sampling  had  to  be  considered  because  th.e  filter  pa])er  recjuiieu  a  twenty 
to  thirty  minute  exposure.  IlnjriPig  this  time  iliirty  to  sixty  thousand 
cubic  feet  of  air  aJ  stamlard  pressure  and  temperature  sweep  tiirough 
the  filter.  Thus,  a  filter  paper  represents  an  integrated  line  saniple 
and  only  approximates  a  i^oint  sample  when  tlie  variations  along  the  line 
are  small.  It  would  be  difficult  to  verify  the  theory  if  the  sampling 
mothcxl  smoothed  out  the  variations. 

The  ])Janes  were  first  sent  to  an  initial  point,  or  I,  P.  ,  whicli  was  a 
TACAN  station  (a  radio  aid  to  air  navigation)  located  near  the  center  of 
a  low  or  trough  in  tlie  wi)id  field.  From  this  point  they  began  their 
search  at  assigned  altitudes  and  ra'hai  flight  paths.  Tv/o  WB-50’s 
separated  by  2000  feet  were  assigne  altitudes  below  the  lowest  tropo- 
pause  which  would  usually  be  reported  at  O"  near  I,  P.  Thus  all  of  the 
WB-50'y  samples  would  be  considei'ed  troposplieric  by  the  usual 
ra  et  c  or  oiog  i  ca  1  c  r  1 1  ei  i  a, . 

All  .siratos]dieric  sajnj)ling  wa.s  lefi  to  the  RB-57's.  Fortunately, 
their  sampling  positio/is  could  be  determined  relative  to  the  core  ot  the 
jet  streani.  While  maintaining  a  flight  track  belweeu  two  TACAN  stations 
the  pilot  could  detect  ti'»e  coro  by  monitoriug  the  dnii  angle,  olaviiug 
from  tiie  I.  P.  on  tlie  cyclonic  side  ol  tlic  jet,  the  drift  angle  would 
increase  rapidly  ton  maxiniuni  at  Die  core  and  ificn  dec  lease  less  lapidly 


on  the  anticy clonic  side.  On  many  of  the  flights  two  jet  streams  were 
detected.  Whenever  this  occurred,  the  jet  closest  to  the  I.  P.  served 
as  the  reference  point  for  the  first  set  of  samples.  When  both  wing  tip 
samplers  had  been  exposed,  the  pilot  returned  to  Kirtland  Air  Force 
Base  where  the  exposed  papers  were  removed  and  replaced.  Then  he 
returned  to  make  a  second  set  of  samples.  On  the  second  flight  he 
sampled  relative  to  the  second  jet,  if  two  were  detected,  otherwise  ho 
returned  to  his  previously  located  single  jet  and  sampled  at  higher 
altitudes. 

The  locations  of  the  RB-57  samples  are  shown  in  Figure  7.  Note 
that  if  only  one  jet  were  detected,  the  two  aircraft  would  take  8  samples  — 
5  from  the  cyclonic  stratosphere.  The  exti-uded  air,  which  presumably 
the  WB-50's  would  encounter  and  sample,  has  its  origin  in  the  cyclonic 
stratosphere  and  consequently  should  bear  a  close  resemblance  to  the 
air  north  of  the  jet.  The  lowest  samples  on  the  cyclonic  side  were 
positioned  to  approximate  the  same  potential  temperature  range  as  the 
iaye'  On  the  anticyclonic  side  one  or  two  tropospheric  samples  were 
taken  above  the  WB-50  samples  to  see  if  the  activity  in  the  layer  actually 
represented  a  maximum  in  the  vertical  profile.  Each  filter  paper  was 
e.xposed  for  15  minutes  along  a  heading  perpendicular  to  the  flight  track. 

In  most  cases,  this  means  that  the  samples  were  taken  either  up  or 
down  wind  and  appear  as  a  dot  on  the  cross  sections  to  be  presented. 
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Flight  and  sampling  Plans  for  WB50  and  RBS7  Aircraft 


The  weather  observer  abciard  each  WB-5o  began  recording  the  wind, 
temperature  and  dew  point  wiien  he  reached  the  I.  P.  By  studying  this 
record  in  flight  he  decided  when  and  where  the  plane  traversed  a  layer. 

He  looked  for  a  simultaneous  rapid  increase  in  temperature  and  wind 
speed  followed  by  a  slower  increase  in  temperature  and  a  decrease  in 
wind  speed.  Ambiguities  arose  when  multiple  layers  were  detected  -- 
some  extremely  narrow  —  and  when  one  of  the  criteria  was  not  met. 

In  any  event,  he  had  to  make  a  decision  about  the  limits  of  the 
layer  and  then  take  three  samples:  one  outside  on  the  warm  side  of  the 
layer,  one  inside,  and  one  outside  on  the  cold  side  of  the  layer.  After 
compL  ting  these  three  samples  the  upper  aircraft,  #2,  ascended  to 
another  assigned  altitude  while  the  lower  aircraft,  #1,  descended.  Once 
again  they  had  to  locate  the  layer  and  take  three  more  samples  each. 

On  the  first  flights  the  ambiguities  produced  some  disappointments 
when  certain  points  were  not  sampled  but  through  experience  the 
objectives  and  methods  were  clarified.  Also  the  correspondence  between 
the  temperatures  measured  by  the  WB-50’s  and  the  radiosondes  was  so 
close  that  certain  temperature  ranges  could  be  assigned  for  each  sample 
and  thereby  reduce  uncertaintv  in  sampling  location. 

Continuous  Radioactivity  Records.  Eacii  ol  the  WB-50's  is  equipped 
to  record  tlie  counting  rate  ot  a  Geiger  countei  whicii  faces  a  continuously 
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exposed  filter  paper.  If  the  accumulated  disintegrations  of  tlie  debris 
exceeds  the  background  count,  the  distribution  of  radioactivity  can  be 
observed  in  detail  simply  by  traversing  the  layers. 

To  calibrate  tlie  accumulated  counting  rate  to  the  actmty  in  the  air, 
we  must  differentiate  the  recorded  trace  and  then  determiue  an  adjustment 
for  the  flow  rate.  However,  since  we  are  more  concerned  with  relative 
rather  than  absolute  concentrations  of  radioactivity,  we  can  determine 
this  at  a  glance  by  comparing  slopes. 

All  traces  shown  in  this  report  have  been  smoothcxl  to  eliminate  the 
small  amplitude,  high  fre*quency  statistical  fluctuations  in  t’  ■  counting 
rate.  The  smoothed  cur\e  should  always  have  a  positive  slope  unless  the 
decay  rate  exceeds  the  accumulation.  In  some  cases  negative  or  almost 
constant  slopes  were  observed.  These  are  caused  by  ihe  rapid  decay  of 
radon  daughter  products  and  can  be  identified  with  cumulus  convection 
currents  ascending  from  thegrexind. 
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CHAI'lEK  1  V 


RESULTS  AND  DISCUSSION  OI  SAMPLING  FLIGHTS 

G  e  11  e  I  a  I  P  1  i  g  li  t  Data. 

A  brief  summary  of  all  luissior.s  flown  during  Project  SPRINGFIELD 
is  presented  in  the  following  table.  The  range  in  altitude  ai  d  range  in 
/}  activities  liave  been  tabulated  separately  tor  the  WB-50  and  RB-57 
aircraft.  The  lowest  and  highest  activities  represent  only  the  range; 
they  do  not  correspond  to  the  lowest  and  highest  altitudes.  Itt  some 
cases  the  lowest  altitude  sample  had  the  highest  activity. 

Missions  8,  13,  15  and  16  were  fiow'ii  to  check  on  the  activities 
when  no  extruded  layers  were  forecasted.  In  mission  7  the  WB-50’s 
could  not  penetrate  the  layer  because  it  moved  north  of  the  Canadian 
bolder. 

WB-50  RB-57 

Mission  Date  Area  Altitudes /JActivity  Altitudes  ^Activity 

TrOTrO  ft)  (clpm/SCF)Tn5IT5Ttr  (dpm/SCF) 


1 

4/10/63 

Utah 

18-27 

2-15 

31-41 

2-197 

r\ 

4/17/65 

Nevada 

27-39 

8-265 

3 

4/18/63 

Colorado 

27 

2-156 

28-40 

10-620 

4 

4/21/63 

Nevada  - 
Arizona 

19-26 

1-92 

28-41 

4-215 

5 

4/22/63 

Utah  - 
New  Mexico 

21-29 

2-41 

32-44 

4-214 

6 

4/23/63 

Michigan  - 
Ohio 

12-22 

1-26 

29-40 

2-201 
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Mission 

DatL' 

A  rea 

Wlt-50 

Altitudes  /)' Activity 
(lOOTilTr  (dpm/SCF) 

HD- 

A  It  I  tildes 

TTO'oimr 

57 

/)  Activity 
(dp'm/SCi") 

7 

5,  2/  63 

Wvr  MYi  i  np  - 

■  '  v'  . . C' 

Montana 

20-27  0.4-8 

_  4  9 

ion 
c/  -*  1  o 

8 

5/3,  63 

lllinois- 

Calif. 

20-26  0.5-6 

30-40 

2-4  9 

9 

5, '6/ 63 

'I'exas 

32-42 

9-144 

10 

5/7/63 

Off  Oregon 
Coast 

18-26  0.0-27 

10 

5/7/63 

Missouri 

35-44 

2-70 

11 

5,  8/63 

Washiagton- 
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Analyses  of  the  GPRINGFIELI)  data  are  still  in  jM'Oftress.  Data 
from  scvia'al  ol  the  more  interestin(;  niissi*  ns  will  be  presorted  here 
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wiUi  tlu'  lesoi  vution  that  soino  lectures  of  the  analyses  niay  leqnirc 
modification  ^vhen  the  isentt'oj)ic  charts  and  iscntropic  trajectones 
have  been  com])leted. 

Each  mission  began  at  18U0  Z  when  the  jilanes  left  the  1.  P,  The 
missions  were  usually  com])leted  at  O'* 00  or  0200  Z  of  tiie  following 
day.  With  few  exceptions,  llie  maps  and  cross  sections  included  here 
were  drawn  from  llie  0000  Z  data.  The  maps,  which  will  include  tlie 
surface  and  cither  a  300  or  500  mb  analyses,  are  included  for  reference 
only.  They  will  not  be  separately  discussed.  The  upper  level  maps 
contain  a  contour  analysis  and  a  few  winds.  The  latter  are  plotted  in 
the  vicinity  of  the  fliglit  track  which  is  a  heavy  dashed  line  beginning 
at  the  I,  P. 

Mission  of  April  18  -  19.  The  p'anes,  two  WB-50'&  and  two 
RB-57's.  were  sent  to  an  I,  P,  in  southwestern  Wyoming.  From  there 
they  were  to  fly  southeast^  approximately  perpendicular  to  the  wind, 
as  shown  in  Figrire  8b.  A  cleaiance  to  cross  the  air  lanes  was  delayed 
because  of  clouds  and  .snow  show^ers.  The  delay  caused  the  WB~50  which 
had  been  assigned  the  lower  altitude  to  abort  the  mission.  Just  as  the 
pilot  of  the  upper  WB-50  was  about  to  turn  back,  the  plane  broke  into 
the  clear.  He  then  proceeded  with  the  first  portion  of  his  mission. 
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e  Map-April  19,0000z,1963. 


The  High'  f.ath  of  the  upper  aircraft,  starting  at  23,  000  feet  near 
Lander,  is  the  purple  line  in  Figure  9.  To  remain  above  cumulonimbus 
clouds,  which  were  penetrating  the  dry  stable  layer,  the  pilot  had  to 
take  the  plane  to  25,800  feet,  then  27,000  feet.  This  altitude  was 
maintained  for  the  remainder  of  the  mission. 

The  stable  layer  is  easily  distinguished  by  the  closely  spaced 
lines  drawn  at  an  interval  of  2°K.  Superimposed  on  the  black  0  lines 
are  red  isotachs  drawn  at  a  10  kt  interval.  To  the  left,  where  the 
isotachs  are  negative,  the  winds  are  from  the  northeast.  The  high 
wind  speeds  are  all  from  the  southwest  and  include  three  jets,  each 
labeled  with  a  red  J. 

As  the  plane  traversed  the  stable  layer  the  wind  speed  increased 
from  30  to  100  kt,  the  temperature  rose  from  -48  to  -2A^C,  and  the 
radioactivity  counting  rate  on  the  continuously  exposed  filter  paper 
increased  from  1300  to  4000  cpm.  These  dramatic  and  synchronized 
changes  are  illustrated  in  Figure  10  by  a  medium  width  dashed  line,  a 
thin  continuous  line  and  a  broad  continuous  line. 

Because  the  counting  rate  is  proportional  to  the  accumulated 
radioactivity,  the  slope  is  proportional  to  the  disintegration  rate  per 
unit  mass  of  air.  The  latter  shall  be  called  the  ’’activity”  and  expressed 
in  disintegrations  per  minute  per  standard  cubic  foot  of  air.  Note  that 
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as  the  plane  passed  the  warm  boundary  of  the  layer  the  wii*J  speed  and 
temperature  decreased  and  so  did  the  slope  of  the  counting  rate  trace. 
The  latter  implies  a  rapid  change  from  a  high  to  low  activity.  Return¬ 
ing  to  Figure  9,  we  find  this  change  verified  by  the  0  activities  of  three 
discrete  filter  samples  taken  by  the  WB-50  aircraft.  In  the  stable  layer 
the  activity  was  138  dpm/SCF  while  outside  the  layer  the  values  were 
2.  3  and  1.  9  dpm/SCF. 

It  is  also  worth  noting  that  the  change  in  slope  was  abrupt  wMch 
implies  negligible  diffusion  or  mixing  at  the  edge  of  the  layer.  The 
small  difference  between  the  two  low  activity  samples  --  the  ones 
taken  just  outside  the  layer  --  also  supports  this  implication. 

We  also  find  that  the  activities  were  consistently  high  for  the 
RB-57  samples  taken  on  the  cyclonic  side  of  the  jet.  These  activities 
were  114  and  180  dpm/SCF  at  0  =  320OK,  IGl  dpm/SCF  at  0  =  335°K, 
498  dpm/SCF  at  0  =  347°K,  and  620  dpm/SCF  at  0  =  371°K.  Another 
interesting  activity  was  the  78  dpm/SCF  located  beneath  the  central 
jet.  This  sample  was  taken  from  air  which  would  be  considered 
tropospheric  by  the  conventional  criteria.  This  sample  shidl  be 
referred  to  later  in  the  discussion  of  the  potential  vorticity. 

The  continuous  counting  rate  and  the  discrete  filter  samples 
leave  little  doubt  trat  the  air  in  the  stable  layer  at  27,  000  feet  is 
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stratospheric.  We  have  no  proof  that  the  stratospheric  air  extends  to 
lower  elevations  but  we  shall  now  look  at  evidence  which  suggests  that 
it  does. 

Figures  11,  12,  and  13  are  the  distributions  of  stability,  absolute 
vorticity  and  their  product,  the  potential  vorticity.  The  calculations 
of  stability  and  relative  vorticity  were  made  from  the  potential  tempera 
ture  and  isotach  analyses  by  finite  differencing,  i.e.  , 

-  aQ  ~  -2£k 
a  p  ap 

'^9  =  +  ^  ^  ~10Kt 

dng  dng  A  Hq 

where  V  is  the  wind  speed,  Rq  is  the  radius  of  curvature  of  the 
streamlines  on  the  0  surface  and  n  is  the  horizontal  distance,  positive 
to  the  right.  The  radii  of  curvature  are  large  for  most  points  in  the 
plane  of  the  cross  section  except  near  the  center  of  the  low.  Therefore 
on  the  cyclonic  side  of  the  northern  jet  the  positive  relative  vorticities 
are  underestimated  while  elsewhere  the  approximation  is  good.  The 
occurrence  of  the  three  quantities  depends  primarily  on  the  represen¬ 
tativeness  of  the  analyses.  This  is  difficult  to  assess.  The  smaller 
scale  features  may  not  be  representative  but  the  large  features  can 
not  be  significantly  altered. 
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The  lines  of  constant  stability  in  Figure  11  are  drawn  at  an 


interval  that  progresses  geometrically.  The  labeled  range  is  from 

0.  5  to  64  X  10" 5  deg-cm^  ,  but  values  which  approach  zero  are 

erg 

located  inside  the  0.  5  line  where  the  0  lines  are  approximately 

vertical.  This  corresponds  to  the  mixing  layer  generated  by  heating 

-5 

at  the  earth's  surface.  Values  of  stability  greater  than  32  x  10 

3 

deg- cm  have  been  toned  grey  to  facilitate  recognition  of  the  pattern, 
erg 

Note  that  the  stability  pattern  is  quasi-horizontally  stratified. 

By  contrast  the  vorticity  pattern  is  predominantly  vertically 
oriented.  The  values  range  from  0  to  34  x  10“^  sec  ,  or  about 
half  the  numerical  range  of  the  stability.  The  zeroes  are  located  on 
the  south  or  anticyclonic  side  of  the  jets  in  the  stratosphere  and  upper 
troposphere.  Negative  values  were  calculated  for  the  lower  portion  of 
the  tropospheric  frontal  zone.  These  correspond  to  very  strong  anti¬ 
cyclonic  shears  which  probably  result  from  the  vertical  mixing  of  low 
momentum  through  the  adiabatic  layer  into  the  frontal  zone.  The 
adiabatic  layer  extends  down  to  the  ground  where  the  low  momentum 
originated. 

The  product  of  the  stability  and  the  vorticity,  shown  in  Figure 

13,  ranges  from  0  to  2000  x  10"^^  deg-cm-sec  .  As  one  might  anti- 

gm 

cipate,  the  potential  vorticity  pattern  is  complicated  but  two  features 
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Htaiid  out  clearly:  (1)  largo  values  ol  Pq  extend  Ii  oni  the  cyclonic 
stratosphere  into  the  troposphere,  and  (2)  small  values  of  Pq  extend 
from  ihe  troposphere  into  tlie  anticyclonic  stiatosphere.  These 
extensions  are  compatible  with  the  folding  process  and  tlie  conservation 
of  potential  vorticity.  The  extension  of  troposplieric  air  into  the 
anticyclonic  stralos])liere  is  consistent  with  the  transformation  from 
vorticity  to  stability,  i.e.  ,  under  divergence  at  constant  Q  the  vorticity 
decreases  as  the  stability  increases.  Since  the  stratosplierc  is  identified 
only  on  the  basis  of  average  stability,  this  mode  of  exchange  must  be 
recognized  as  possible. 

If  the  pattern  were  produced  by  folding  we  should  expect  a  positive 
correlation  between  the  radioactivity  and  the  values  ol  Pq  .  Tlie  black 
dots  in  Figure  13  identify  the  locations  ol  tiie  WB-50  and  RE-57  filter 
samples.  Plotted  adjacent  to  the  dots  are  the  activities  of  Sr^^  in 
disintegrations  per  minute  per  1000  standard  cubic  feet  of  air. 

The  Sr^^^  activities  are  presented  here  because  they  serve  as  a 
standard  for  comxiarison  with  the  activities  ol  previous  samples  taken 
by  (he  RB-57's  and  WLl-2's.  At  the  time  of  this  writing,  the  chemical 
analysis  of  some  of  the  sai  jples  has  not  been  completed.  Tiie  Sr^^ 
activities  for  these  samples  were  comjiuted  from  the  total  P  activitic's 
using  an  empirically  derived  relation, 
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Si  '^^  d])ni,  1000  SCK  =  4  x  /]  dpin/SCF 

III  Figure  13  the  eonijiutt'd  activities  are  enclosed  in  jiarentl'  ^es. 

We  note  that  tlie  Sr^^  activities  coriesjioud  rather  closely  to  the 

values  ol  Fq  .  i  iu  nunu  rical  siniilarity  is  accidental,  but  loriuitous 

for  purjnises  ol  coaii'arison.  The  range  Ironi  8  to  2100  djnn/  1000  SCI' 

approximates  the  Pq  range  Iroin  0  to  2000  x  10"^^  deg-cm-st'C  but 

gni 

the  maxima  do  not  coincide.  Tlie  actual  corres})ondence  may  be  better 
or  worse.  Uneertainty  in  llie  ])ositioning  ol  tlie  lines  derives 
primarily  Irom  the  iniei'iiolations  in  the  isotach  lield.  U  tlm  HB-57's 
could  have  m  de  wind  measurements  as  did  the  WD-50's,  this  uncer¬ 
tainty  would  be  greatly  reduced. 

The  potential  vorticity  pattern  does  ollei  an  explanation  lor  the 
tropospheric  sample,  previously  mentioned,  which  had  a  high  B  activity 
of  78  dpm/SCF.  This  sample  was  taken  from  the  layer  which  extenas 
from  the  cyclonic  side  of  the  central  jet.  The  Si  activity  was  332 
<lpni/1000  SCF,  and  the  potential  vorticity  is  greater  than  250  and  less 

than  500  x  10"^^  deg-cm-sec  . 

gm 

No  samples  were  taken  in  the  sti'atosphere  where  the  v'alues 
are  extremely  low.  We  have  no  diri  ct  evidence  that  this  is  tropospheric 
air.  However,  tins  eioss  section  brings  to  mind  another,  previously 
published  report,  Damelscn  (6),  in  which  a  WU-2  took  stratospheric 
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samples  before  and  after  crossing  the  jet.  On  tlic  anticyelonic  side, 
where  Pq  was  small,  the  activity  was  0.2  dpm/lOOO  SCF  while 
on  (he  cyclonic  side  it  was  40  dpm/lOOO  SCF. 

These  samples  were  taken  in  the  spring  of  1960  wlien  0.2  .and  40 

dpm/lOOO  SCF  vjf  rei)resent;Uive  of  troposplieric  and  strato8j)hcric 

air,  respectively.  The  air  on  the  anticyelonic  side  of  the  jet  also 
89 

contained  Sr  from  the  French  Sahara  Test  of  I-ebruary  13,  19G0 
which  is  known  to  have  beeri  deposited  in  a  stable  tropospheric  layer 
on  the  anticyelonic  side  of  the  subtropical  jet. 

Thus,  the  evidence  from  the  1960  case  supports  the  assumption 
that  the  low  values  of  Pq  extending  from  the  troposphere  into  the 
anticyelonic  stratosphere  had  a  tropospheric  origin.  In  any  future 
aircrait  sampling  program  it  would  be  advisable  to  obtain  samples 
in  this  region  to  test  the  assumption. 

Mission  of  April  21  -  22.  On  April  21,  1963  the  planes  were 
sent  to  northern  Nevada  to  monitor  another  possible  case  of  stratospheric 
extrusion.  This  mission,  successfully  completed  by  all  aircraft,  pro¬ 
vided  the  evidence  missed  on  tlie  previous  mission.  The  surface  and 
300  mb  maps  arc  shown  in  Figures  14a  and  b.  The  cross  section, 
drawn  this  time  on  a  more  expanded  scale,  is  presented  in  Figure  15. 

As  before,  the  0  lines  are  black,  but  drawn  for  a  4^K  interval,  the 
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isotaclis  are  red  and  the  flight  jiaths  are  purple.  The  cloud  formations 
recorded  by  the  WB-50  weatlier  observers  have  been  rendered  in  a 
turquoise  halciiing  and  a  dust  cloud  is  depicted  by  brown  dots. 

The  WB-50's  traversed  the  layer  at  19,000;  21,500;  24,000,  and 
26,000  feet.  Rapid  wind  speed  and  temperature  changes  were  recorded 
witi'i  each  traverse.  The  net  changes  in  wind  speed  and  temperature 
wore  similar  in  magnitude  to  those  observed  o*^  the  18th.  On  the  return 
flight,  both  aircraft  look  samples  which  had  /?  activities  of  approximately 
2  dpm/SCF’  in  the  warm  air  south  of  the  stable  layer.  Returning  through 
tiie  layer  the  upper  aircraft  samph'd  near  the  warm  boundary .  The 
.sample  haa  an  activity  of  87  dpm/SCF.  tXitside  the  layer,  on  the  cold 
side  near  the  top  of  a  cloud,  the  activity  of  the  next  sample  was  12 
dpm/SCF.  Ascending  to  26,  000,  the  upper  aircraft  again  sampled  in 
the  layer  and  obtained  a  /J  activity  of  92  dpm/SCF. 

The  two  samples  in  the  layer  were  near  the  boundaries,  but 
both  had  high  activities.  Both  activities  were  similar  to  that  of  the 
RB-57  sample  taken  at  28,000  feet  in  the  stratosphere.  It  is  quite 
probable  that  a  sample  taken  in  the  interior  of  the  layer  would  have 
had  an  activity  closer  to  the  163  dpm/SCF  of  tlie  29,000  foot  RB--57 
sample.  E\hdenco  for  this  will  be  found  in  the  continuous  counting 
traces.  In  either  case,  we  know  that  the  layer  contained  stratospheric 
air  down  to  the  24,000  foot  level. 
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The  lower  aircraft  did  not  take  a  sample  in  the  layer  at  21,  500 
feet,  but  did  at  the  19,  000  foot  level  where  the/S  activity  was  20  dpm/SCF. 
Although  down  by  a  factor  of  four  from  that  at  24,  000  feet,  this  is  still 
one  order  of  magnitude  greater  than  the  tropospheric  activities. 

Although  aircraft  #1  did  not  take  a  sample  in  the  layer  at 
21, 500  feet,  the  continuously  exposed  filter  paper  was  monitored 
during  the  entire  flight.  A  portion  of  the  counting  rate  trace  is 
reproduced  in  the  lower  diagram  of  Figure  16  as  a  heavy  continuous 
line.  The  thin  line  connects  the  observed  temperatures.  Directly 
above,  with  the  same  abscissa,  are  the  counting  rate  and  temperature 
traces  recorded  by  aircraft  #2  at  24,  000  feet. 

The  traces  for  the  two  aircraft  are  remarkably  similar.  At 
both  elevations  the  increase  in  temperature  across  the  layer  wa''- 
18^C  and  the  increase  in  counting  rate  was  2,700  cpm.  CXitside  the 
layer  in  the  warmer  tropospheric  air  the  temperatures  were  approxi¬ 
mately  constant  and  the  counting  rate  increased  only  slowly.  On  the 
return  flight  across  the  layer  the  traces  of  the  two  aircraft  differed. 

This  difference  was  produced  by  a  change  in  flight  path.  Just  after 
aircraft  #2  re-entered  the  layer,  the  pilot  turned  S0°  left  to  take  a 
sample  upwind.  The  original  flight  path  was  not  quite  orthogonal  to 
the  layer  so  after  the  90®  turn,  the  plane  approached  the  warm  boundary 
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again.  This  accounts  for  the  initial  dro])  in  temperature'  beginning  at 
2110  Z  and  the  succeeding  rise.  'When  tlie  sam])le  was  com])leted  at 
2130  Z  and  the  pilot  resumed  his  original  heading,  the  te:nj)eiature 
dropped  rapidly  again.  Note  that  as  t!ie  ])lane  apiooaclied  tiic  warm 
boundary,  the  slope  of  the  counting  rate  trace  decreased.  The  sample, 
therefore,  was  not  taken  in  the  air  with  the  ricliest  concentration.  The 
activity  of  the  sample,  87  dpni/  SCP’,  is  proportional  to  the  average 
slope  of  the  trace  over  the  20  min  interval.  The  average  slope  for  the 
time  of  sampling  was  almost  half  the  slope  which  characterized  the 
layer.  Therefore,  as  mentioned  previously,  an  activity  of  160  dpm/SCF 
would  seem  appropriate  to  the  layer  at  24,000  feet.  A  slightly  lower 
activity,  about  140  dpm/SCF,  would  be  expected  at  21,  500  feet.  Since 
the  counting  rates  had  the  same  slope,  the  ratio  of  activities  should  be 
inversely  proportional  to  the  ratio  of  the  air  densities,  i.  e. ,  1.  15. 

The  continuous  counting  traces  offer  excellent  proof  that  the 
stratospheric  air  extends  to  the  21,500  foot  level  with,  little  dilution 
in  its  concentration  of  radioactivity.  The  trace  recorded  at  19,000 
feet  is  not  reproduced  here,  but  as  the  airplane  crossed  the  layer, 
the  radioactivity  trace  showed  two  steps  instead  of  one.  Each  step  , 
although  of  short  duration,  had  a  steep  slope.  This  indicates  mixing 
by  smaller  scale  folding  between  the  tropospheric  air  in  the  frontal 
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zone  and  the  extruded  sti atjsj)heric  air.  The  mixing  a])i)oars  tc'  he 
along  the  0  surfaces,  not  al  aig  the  0  gradient.  In  this  way  the  radio¬ 
activity  is  diffused  into  ttie  troiiospheric  frontal  zone. 

If  the  diffusion  extended  tlio  radioactivity  to  the  12,000  foot  level, 
it  would  have  been  rapidly  mixed  down  to  the  ground.  Tlie  concentrations 
would  be  diluted,  of  course,  by  mixing  with  the  tropospheric  air,  but 
higher  than  normal  surface  concentrations  would  be  expected.  Figure 
17  illustrates  that  the  mixing  below  12,000  feet  was  rapid.  Below  this 
level  at  Las  Vegas,  Winslow  and  Albuquerque  the  temperature  lapse 
rates  were  adiabatic  and  superadiabatic. 

At  Albuquerque,  which  at  the  sounding  time  was  just  in  advance 
of  the  front,  the  adiabatic  layer  extended  up  to  17,000  feet.  On  the 
basis  of  the  moisture  trace  the  upper  limit  of  the  mixing  would  appear 
to  be  20,  000  feet  and  this  coincides  with  the  top  of  the  dust  layer  as 
reported  by  the  WB-50  observers.  Mixing  through  this  unusually  deep 
layer  was  promoted  by  the  lai'ge  scale  downward  transport  of  high 
momentum  into  the  upper  part  of  the  mixing  layer  and  strong  heating 
from  dry  soil  at  the  base  of  the  layer.  The  high  momentum,  mixed 
downward,  produced  aveiage  surface  winds  exceeding  50  kts  which  in 
turn  produced  the  dust  storm.  The  pattern  of  the  dust  cloud  shown  in 
Figure  16  is  in  agreement  with  the  WB-50  observations  and  the  reports 
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of  surface  weather  stations.  Along  and  in  advance  of  the  front  the 
dust  obscured  surface  visibility,  while  just  behind  the  front  dust  aloft 
was  reported.  It  should  be  mentioned  that  Figure  16  extends  to  only 
10,000  feel.  Below  this  level,  the  front  and  the  surfaces  v.'ere  vertical, 
1.  e. ,  the  entire  lower  troposphere  had  an  adi  ’batic  lapse  rate  including 
the  frontal  zone. 

From  the  aircraft  measurements  of  radioactivity  and  the  vertical 
mixing  implied  by  the  adiabatic  lapse  rates,  dry  fallout  at  the  surface 
in  the  southern  Rocky  Mountain  area  should  have  been  higher  than 
normal.  Measurements  of  the  gross  (i  activity  of  surface  air  made  at 
four  stations  in  this  area  by  the  Public  Health  Service  are  listed  in  the 
following  table; 

Field  E.ytifnates:  Gross  beta  radioactivity  of  particulates  in  air. 


BETA  ACTIVITY  -  dpm/SCF 

April  20 

April  21 

April  22 

April  23 

I^hoe nix ,  A  ri zona 

A 

“T  ZTS 

X, 

n  At 

Las  Vegas,  Nevada 

OTTT 

05 

1.44 

1.40 

Santa  Fe,  New  Mexico 

||[||||||Qm2£fl 

1.24 

— 

Denver,  Colorado 

1.01 

1. 14 

TTSA 

Values  refer  to  samples  collected  during  the  24  hour  period  ending  in  the 
morning  of  the  date  listed  above. 

The  mixing  which  occurred  on  the  afternoon  of  April  21  should 
have  produced  higher  readings  for  the  April  2’>  samples.  All  stations 
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showed  an  increase  in  activity  on  the  22nd  and  these  activities  were 
the  highest  isi  the  United  States  for  tliat  day.  Tlic  activities  were  not 
extremely  high  because  the  mixing  extended  through  such  a  deep  layer. 


Also, 


the  values  in  the  table  represent  a  24  hour  integration,  whereas 


the  mixing  was  most  active  during  the  afternoon. 

As.suming  a  background  of  0.  5  dpm/SCF  for  the  tropospheric  air 
and  six  hours  of  active  mixing  the  activity  of  the  mixture  would  have 
been  roughly  ten  times  that  of  the  tropospheric  air  or  5  dpm/SCF. 

This,  in  turn,  represents  a  mixture  of  about  ten  parts  tropospheric  to 
one  part  stratospheric  air.  Therefore,  the  stratospheric  activity 
would  have  been  about  50  dpm/SCF.  This  value  checks  out  well  with 
the  activities  deduced  from  tlie  slopes  of  the  continuous  trace  and  the 
/S  activity  of  the  sample  at  19,  000  feet.  On  the  basis  of  the  slope  of 
the  trace  during  the  period  of  sampling  the  activity  in  the  stratospheric 
air  would  be  between  44  and  60  dpm/SCF  at  19,000  feet.  A  more 


t 1  ^ 


rjqpJanation  of  the  traces  will  follow'  in  tlic  discussion  of  t  le 


potential  vorticity. 

To  complete  the  discussion  of  the  April  21-22  data  we  now  turn 

to  Figure  18  which  contains  the  distribution  of  potential  vorticity  and 

90 

tl’O  0  activity  of  Sr  captured  in  the  airplane  filter  samples.  The 
Figure  corresponds  to  Figure  13  but  tlie  Pq  values  arc  drawn  for  a 
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400  500 


Fiiiri  18  PttiRfial 


(onstant  interval  of  100  x  10~^^  deg- cm- sec  .  As  before,  the  Si 


{’111 

aelivities  are  plotted  above  a  black  dot  wliicli  locales  the  position  ol 
each  sample.  Chemical  analyses  of  some  of  the  samples  are  still  in 
J)  i  I  S ,  <7  O  once  again  iiarentiieses  denote  the  values  computed  Irom 
the  total  iS  activity.  The  two  values  plotted  above  while  dots  were 
computed  from  the  continuous  counting  rale  traces. 

If  allowances  are  made  for  the  dilferenccs  in  the  geometric 
scales  of  Figures  18  and  13,  one  notices  that  the  Pq  iiatterns  are 
quite  similar.  Large  values  of  Pq  again  extend  from  the  cyclonic 
stratosphere  into  the  troposphere  and  low  values  of  Pq  extend  from 
the  troposphere  into  the  anticyclonic  stratosphere.  We  notice  also 
that  the  numerical  correspondence  between  the  Pq  values  and  the  Sr 
activities  is  again  close.  Almost  all  ol  the  activities  have  a  numerical 
value  equal  to  the  Pg  value.  The  exceptions  are  at  tlie  left  of  the  dia¬ 
gram  where  the  376  dpm/SCF  appears  to  be  too  low  for  the  stratospher 
and  55  dpm/SCF  is  abnormally  I'ligSi  for  the  troposphere.  Tiie  latter 
was  taken  in  a  thin  cirrus  cloud  near  the  top  of  a  cumulonimbus.  Its 
high  $  activity  implies  that  the  cumulonimbus  penetrated  and  mixed 
with  the  stratospheric  tiir  at  some  earlier  time.  Further  support  for 
this  can  be  drawn  from  the  observations  of  contrails  reported  by  the 
W2  WB-50.  After  completing  the  sampling  at  24,  000  feet,  the  pilot 
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look  the  plane  up  to  26,000  feet  to  retraversc  the  layer.  At  this  point, 
instead  of  turtiing  up  wind  to  take  anothf!r  sample,  the  j)ilot  exposed 
the  filter  while  heading  outi.x)unU  from  the  I,  V.  on  the  main  fliglit  track. 
After  a  10  min.  exposure  he  reversed  liis  heading  and  f;^...pieted  another 
10  min.  of  exposure.  The  reversals  in  flight  can  be  seen  in  Figure  15. 
During  this  operation  heavy  contrails  were  observed  whicli  became  thin 
as  the  plane  proceeded  outbound  from  the  I,  P.  and  became  heavy  again 
on  the  return  flight  inbound.  From  the  analysis  of  the  cross  section, 
and  the  observed  wind,  temperature  and  dew  point  cluinges  it  is  clear 
that  on  the  outbound  from  the  I.  P.  the  plane  entered  the  stratosphere, 
then  on  the  return  flight  it  left  the  stratosphere  and  entered  the  tropo¬ 
sphere  again.  The  facts  that  the  dew  point  dropped  but  was  still  meas¬ 
urable  and  the  contrails  tliinned  but  did  not  vanish  indicate  tlic  lower 
stratospheric  air  had  been  mixed  with  moisture-laden  tropospheric 
air.  The  continuous  radioactivity  trace  and  the  92  dpm/1000  SCF  on 

tiie  sample  coiuirm  the  presence  of  the  stratospheric  air  . 

90 

As  shown  in  Figure  18,  the  Sr  activity  for  this  sample  was  576 

dpm/wCF.  This  greatly  exceeds  the  368  which  would  be  expected  from 

the  total »  activity.  It  also  exceeds  the  value  to  be  expected  from  t!ie 

Cs  activity.  Reprocessing  of  the  sample  is  ir  progress  to  determine 

90 

whether  an  error  was  made  in  the  Sr  analysis.  A  value  of  368  dpm/ 
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1000  SCF  would  bring  it  in  line  with  the  302  djini/  1000  SCI-  measured 
by  the  ItB-b7  and  w'ould  support  the  conclusion  that  the  lower  strato- 
Siiheric  air  had  decreased  its  radioactivity  and  increased  its  moisture 
by  cumulus  cloud  penetration  and  mixing.  One  may  recall  that  on  tlie 
April  18-19  mission  the  plane  had  entered  the  stratosjiheric  layer  and 
then  had  to  ascend  to  stay  on  toj)  of  a  cumulonimbus  which  had  pene¬ 
trated  the  layer. 

A  final  comment:  note  that  the  tongue  of  largo  extendin;  from 
the  stratosjihere  splits  into  two  near  the  19,000  foot  level.  It  was  men¬ 
tioned  earlier  that  the  continuous  radioactivity  trace  showed  two  steps 
rattier  than  one.  On  the  basis  of  the  Pq  values,  the  first  sle]i  encountered 
should  have  had  the  steeper  slope,  Tlie  radioactivity  trace  confirms  this. 
Also,  the  slope  of  both  steps  should  have  been  less  tlian  the  slope  at 
21,500  feet.  Again  the  continuous  trace  supports  this.  If  for  purposes 
of  compai'ison  we  set  the  aveiage  slope  during  the  time  of  sampling  at 
19,000  feet  as  one,  then  the  slopes  increase  as 

1/2. 2/3/5. 5 

for  the  second  step,  the  first  step  and  the  step  at  21, 500  feet.  Since 
the  Sr^^  of  tiie  sample  at  19,  000  feet  w'as  80  dpm/SCF  the  Sr^^  activity 
at  21,500  feet  should  be  about  530  d])m/SCF  if  allowances  are  made  for 
the  air  density  variation,  A  value  of  530  dpm/SCF  compares  favorably 


73 


wiUi  t!ic  value  of  5G0  d])in/SCF  jneviously  estimated  Irom  tlu'  slo])os 
and  sainpl(^s  taken  by  the  other  aircrait. 

M  ission  of  April  22  -  23.  The  April  22-23  mission  i)roved  to  be 
extremely  inleieslinf,’.  Tlie  surface  and  300  mb  charts  for  Ai)nl  23, 
19G3  at  0000  Z  are  shown  in  Figures  19a  and  19b,  resjjcclively.  I'wo 
WB-50's  were  sent  to  Salt  Lake  City.  They  were  assigned  a  southeast 
flight  track  at  24,000  and  27,000  feet.  Their  meteorological  and 
radioactivity  measurements  were  at  first  difficult  to  understand. 
Fortunately,  extra  radiosonde  ascents  liad  been  made  at  1800  Z  at  all 
of  the  stations  in  the  Rocky  Mountain  Basin.  By  constructing  cross 
sections  for  1800  Z  on  Afiril  22  and  0000  Z  on  Ajiril  23  it  was  possible 
to  intcrfirct  the  observations. 

The  meteorological  conditions  over  Utah  were  changing  rapidly 
as  the  trailing  edge  of  the  dry  extruded  stratosiiheric  layer  was  moving 
eastward  and  being  replaced  by  moist  tropospheric  air.  A  well-defined 


layer  oi  ury,  siaoie  air  was  present  over  bait  JuaKe  city  at  louu  z,  out 


this  layer  was  not  evident  on  the  sounding  six  hours  latei'.  When  the 
WB-50  meteorological  observations  were  begun  at  1830  Z,  both  aircraft 
were  southeast  of  the  layer  in  the  tropospheric  air.  Proceeding  south¬ 
eastward,  the  flight  observer  aboard  the  low'er  aircraft,  #1,  recognized 
that  tlie  layer  to  be  monitored  was  farther  to  the  northw^est  and  he 
reversed  his  flight  direction  to  encounter  it.  After  jiassing  through  the 
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layer  at  Salt  Lake  City  tlie  original  flight  heading  was  resumed.  The 
le versa  1  in  flight  i)ath  is  shown  in  Figure  20  but  it  should  bo  ke])t  in 
mind  that  this  cross  section  was  drawn  from  the  0000  Z  radiosonde 
ascents,  not  th.e  1800  Z  ascents.  As  is  also  evident  in  Figure  20,  (he 
ujtper  aircraft,  #2,  proceeded  southeastward  abnost  to  Albuquerque 
before  reversing  its  heading. 

Between  Si  lt  Lake  City  and  Grand  Junction  aircraft  ^2  j)asscd 
through  a  narrow  stable  layer  denoted  by  the  ttireo  closely  spaced  Q 
lines  in  F’igure  20.  The  temperature  trace  in  the  upper  diagram  of 
Figure  21  shows  a  rapid  rise  of  4^K  as  the  plane  crossed  the  layer  at 
about  1900  Z.  Notice  that  the  radioactivity  trace  maintained  a  small 
slope  characteristic  of  tropospheric  air  during  transit  of  the  layer. 

The  same  layer  was  crossed  by  aircraft  #1  at  2050  Z,  lower  diagram 
in  Figure  21,  and  again  the  radioactivity  trace  remained  unchanged. 

Similar  traces  were  reproduced  on  the  return  flights.  Aircraft 
^2  repressed  it  at  2200  Z,  aircraft  at  2120  Z.  Obviously  tlris  layer 
was  generated  entirely  from  tropospheric  air,.  The  potential  vorticity 
would  also  indicate  that  tlie  layer  was  formed  from  tropospheric  air  by 


fr ontogenesis  because  >  O  and 


<  o  . 


After  aircraft  #2  returned  to  Salt  Lake  City  it  ascended  from 
27,000  to  29,000  feet.  During  the  ascent,  whicli  began  at  2200  Z, 
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BOISE  SALT  LAKE  CITY  GRAND  JUNCTION  ALBUQUEROU 


the  temperature  decreased  rapidly  and  the  radioactivity  accumulation 
increased  rapidly.  The  stability  was  too  low  to  be  considered 
stratosplicric,  but  the  wind  shear  was  strongly  positive  both  at  constant 
p  and  conslant  0  .  Figure  22  shows  tiie  Salt  Lake  City  sounding  for 
0000  Z.  The  letter  T  and  the  arrow  locate  the  coded  tropopause  a* 
approximately  32,000  feet. 

This  is  an  excellent  example  of  the  difficulty  in  classification  and 
interpretation  which  follows  from  the  conventional  definition  of  the  tropo¬ 
pause.  Stratospheric  air  with  large  values  of  potential  vorticity  may  be 
destabilized  by  convergence  at  constant  O  until  it  no  longer  meets  the 
criteria.  During  the  destabilization  the  vorticity  has  increased  but 
this  does  not  enter  into  the  usual  definition.  In  this  case,  the  vorticity 
is  extremely  large  in  the  air  beneath  the  coded  tropopause.  The  radio¬ 
activity  proves  it  is  stratospheric  air. 

To  assist  the  viewer.  Figure  20  has  been  toned  red  where  the 
values  of  Pq  are  representative  of  stratospheric  air.  This  pattern 
should  be  compared  to  the  pattern  which  would  be  obtained  if  one  drew 
a  smooth  tropopause  curve  through  the  little  red  T's  in  Figure  20  which 
represent  the  coded  tropopause  at  the  sounding  stations.  As  in  the 
previous  two  cases,  we  find  the  radioactivity  samples  in  agreement 
with  the  potential  vorticity  distribution  but  not  in  agreement  with  me 
conventional  stratosphere. 
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It  should  also  bo  noted  that  aiicraft  ^2  accumulated  cousidorable 


radioactivity,  3,200  cpm,  while  enroute  to  the  I.  P.  at  Salt  Lake  City. 
Unfortunately,  meteorological  observations  were  not  niade  v/hile  the 
planes  were  enroute  to  the  I.  P,  and  the  flight  plans  were  not  saved. 

But  after  recent  discussions  with  crow  membt  rs  of  the  WB-50's,  ii 
appears  that  this  accumulation  occur i*ed  during  a  gradual  ascent  to  the 
flight  altitude  after  crossing  the  Sierra  Nevada  Mountain  range,.  The 
cross  section  for  1800  Z,  valid  during  the  ascent,  shows  the  extruded 
stratospheric  layer  sloping  down  from  Sait  Lake  toward  the  Sierras. 

One  reasonable  interpretation  is  that  the  plane  ascended  at  a  slightly 
greater  slope  than  that  of  the  layer.  Therefore  ,  it  passed  from  beneath 
the  layer  to  above  the  layer  just  before  reaching  Salt  Lake  .  Turning 
southeast  along  the  flight  track,  aircraft  #2  Oien  remained  above  and 
south  of  the  layer. 

Aircraft  #1  ascended  through  the  layer  at  Salt  Lake,  proceeded 
southeast  and  then  reversed  its  flight  heading  as  previously  meniioned. 

The  radioactivity  and  temperature  traces,  lower  diagram  Figure  21,  show 
an  increase  in  slope  of  the  accumulated  radioactivity  at  1800  Z  then  a 
deci  ease  in  slope  at  1820  Z.  These  changes  must  have  been  due  to  an 
ascent  through  the  layer.  On  the  return  northwest  flight,  the  radio¬ 
activity  took  another  short  duration  step  at  1910  Z.  After  it  leveled 
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ol£  again  the  temperature  continued  to  droj).  Only  a  narrow  zone  con¬ 
tained  the  stratospheric  air  as  indicated  by  the  red  shading  in  Figure 
20-at  24,000  feet.  On  the  third  pass  across  the  layer,  the  net  rise  in 
radioactivity  was  about  the  same  as  on  the  two  i)revious  passes,  but  it 
was  loss  well  defined  in  time  and  space. 

Iscntropic  Trajectories,  April  21  -  23.  While  the  flights  were  in 
progress  over  Utah,  tornadoes  were  forming  in  east  central  Illinois. 

As  shown  on  the  surface  map,  Figure  19,  they  formed  near  the  center 
of  the  low.  Mr.  Glenn  Stout,  operating  the  radar  for  Project  SPRING- 
FIELD,  kept  them  under  surveillance  as  they  passed  eastward  across 
the  southern  portion  of  the  Illinois  Water  Survey  Network.  Since 
tornadoes  frequently  form  along  the  leading  edge  of  the  extruded 
stratospheric  air,  the  author  wanted  to  determine  whether  the 
stratospheric  air  could  be  traced  to  this  tornado  region. 

Trajectories  were  computed  on  the  295,  300  and  305°K  isentropic 
suxfaces  by  calculating  backwards  in  time  Irom  Dayton,  Ohio;  Peoria, 
Illinois;  Columbia,  Missouri;  and  the  approximate  location  of  the 
tornadoes-  The  trajectories  are  presented  in  color  in  Figure  23.  The 
color  code  is  given  in  the  upper  right  of  the  diagram.  Idr  this  report 
we  are  most  interested  in  the  red  and  puiple  ti'ajectories  which  originated 
in  northern  Idaho  and  southern  Oregon  at  1200  Z,  April  21.  These 
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ISENTROPIC  TRAJECTORIES  TERMINATING  APRIL  23,  1963-00  G.C.T 


trajectories  started  in  the  stratosphere  at  about  350  mbs.  The  air 
descended  as  it  moved  around  the  upper  level  cyclone.  When  it  moved 
across  Nevada  the  300°K  air  was  near  the  base  of  the  extruded  layer 
which  was  sampled  by  the  WB-50  #2  aircraft,  (see  Figure  15),  and  the 
305^K  air  was  in  the  lower  stratosphere  which  was  sampled  by  the  RB-57 
aircraft.  We  know,  therefore,  that  this  air  was  stratospheric. 

As  the  air  moved  eastward  during  the  22nd  it  turned  anticyclonically 
and  continued  to  descend  to  500,  600,  and  700  mbs  as  it  approached 
Peoria  and  Columbia.  On  the  305°K  isentropic  chart  for  0000  Z, 

April  23,  this  stratospheric  air  appears  as  a  jet  of  dry  air  moving  at 
50  -  75  knots  across  southern  Nebraska,  northern  Missouri  and  central 
Illinois.  The  eastern  limit  of  the  stratospheric  air  cannot  be  precisely 
determined ,  but  the  evidence  indicates  that  it  extended  up  to  the 
tornado  region.  East  of  this  point  the  trajectories  originated  in  the 
south,  near  the  Gulf  of  Mexico,  and  in  the  southwest.  The  trajectory 
method  could  not  be  applied  to  the  southwest  flow  because  the  momentum 
was  modified  primarily  by  vertical  mixing  in  an  adiabatic  layer. 

It  is  clear  from  Figure  23  that  the  tornadoes  were  forming  in  a 
region  of  strong  confluence  --  vertical  as  well  as  horizontal.  Stratospheric 
air,  confirmed  by  the  aircraft  samples,  was  descending  into  the  develop¬ 
ment  region  and- may  have  played  an  important  role  in  the  tornado 
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loniiation.  It  niUKl  be  reniemborod  that  the  stratospheric  air  had  a 
large  value  ol  potential  vorticity.  Under  tlie  action  (if  a  concentrated 
field  of  convergence  tins  air  could  develop  an  intense  cyclonic  spin 
before  it  would  become  turbulent.  In  laboratory  models  of  intense 
vortices  the  introduction  of  turbulence  into  the  fluid  destroys  the  vor¬ 
tex,  The  author  and  Mr.  Larry  Davis  are  of  the  opinion  that  the  in¬ 
tense  spin  develops  in  the  stratospheric  air  which  descends  in  the  core 
of  the  tornado.  This  descending  air  would  not  produce  a  radar  echo 
unless  copious  amounts  of  water  or  hail  were  falling  into  it.  The  echo 
free  volume  which  appears  on  many  of  the  radar  photographs  of  tornado 
clouds  may  be  exj)lained  by  this  phenomenon.  At  the  present  this  is 
purely  a  hypothesis.  Several  tornado  cases  are  currently  being  inves¬ 
tigated  to  see  if  air  with  large  values  of  potential  vorticity  cnteied  the 
region  of  tornado  development. 

Mission  of  May  3-4.  The  missions  previously  discussed  were 
selected  to  lest  the  theory  of  tropopausc  folding.  A  stable  layer  thought 
to  be  of  stratospheric  origin  was  monitored  in  each  case.  Positive 
results  were  obtained.  The  mission  of  May  3-4  was  designed  to  test 
the  opposite  case.  At  a  time  when  no  extruded  layers  were  expected, 
the  WB-50's  were  sent  to  monitor  the  radioactivity  to  see  if  the 
activities  were  consistently  low. 
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On  May  3,  two  WB-50's  were  sent  from  Scott  AFB,  Illinois  to 
McClellan  AFB,  Sacramento,  California.  Aircraft  #1  flew  at  20,  000 
feet  while  aircraft  #2  flew  directly  above  it  at  26,  000  feet.  Filters 
were  changed  every  20  minutes  so  that  no  gaps  would  exist  in  the  data. 
Also,  both  aircraft  monitored  a  continuously  exposed  filter  paper. 

The  synoptic  charts  are  shown  in  Figure  24.  Notice  the  rain 
showers  reported  over  the  Rocky  Mountains.  The  planes  flew  at 
latitude  40®N  but  diverted  course  slightly  to  avoid  sampling  in  the 
water  clouds.  Water  clouds  damage  the  filter  paper  and  upset  the 
flow  rate  through  the  filter. 

Figure  25  shows  the  flight  cross  section  drawn  from  the  May  4, 
0000  Z  radiosonde  data  and  the  aircraft  measurements.  The  0  lines 
are  drawn  from  every  2°K  and  the  clouds  are  depicted  by  hatching. 
Dashed  lines  depict  the  flight  paths  which  contain  the  total  /3  activities 
in  dpm/SCF.  At  26,000  feet  the  activities  ranged  from  0.  6  to  6  dpm/ 
SCF  and  averaged  2.  96  dpm/SCF.  At  20,  000  feet  the  activities  varied 
from  0.  5  to  2. 2  dpm/SCF  and  averaged  1. 65  dpm/SCF.  All  of  these 
values  were  characteristic  of  the  tropospheric  air  sampled  on  the 
previous  missions.  No  large  values  were  encountered. 

Samples  taken  by  the  RB-57  aircraft  are  also  plotted  on  Figure 
25  at  North  Platte  and  between  Salt  Lake  City  and  Winnemucca.  The 
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K13-57's  sampled  at  both  locations  at  the  times  wh  n  the  WB-50's 


uassed  below.  Notice  that  th.e  5.8  and  G  dpm/SCi 
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Salt  Lake  were  at  the  same  Q  as  the  6  and  5.6  dpm/SCF  sampled  east 


of  Noilh  Platte  by  the  WB-50  #2.  Notice  also  that  the  activities  were 
lower  at  the  higher  altitude  in  botli  places.  The  larger  values  may 


rci)rescnt  the  diluted  remnants  of  an  extruded  layer.  It  is  interesting 
that  the  iS  activity  did  not  increase  with  height  in  the  upper  troposphere, 
as  is  so  often  assumed.  Even  in  the  stratosphere  a  decrease  with 
height  is  implied  by  the  48.  5  dpm/SCF  in  the  layer  of  very  high  stability 
and  the  16.  9  dpm/SCF  sampled  from  above  the  layer. 

The  continuous  radioactivity  traces  for  the  two  WB-50's  are 
shown  in  the  lower  diagiam  of  Figure  26.  Reproduced  in  the  upper 
diagram  is  the  trace  for  aircraft  #2  from  Figure  16.  The  contrast 
between  the  two  May  3rd  flights  and  the  April  21st  flight  leaves  little 


to  be  said  about  the  importance  of  the  stratospheric  layers. 

It  is  interesting,  however,  to  note  that  although  the  26,  000  foot 
aircraft  accumulated  1.8  times  as  much  activity  as  the  20,000  foot 


aircraft  (tlie  same  ratio  as  obtained  by  adding  the  /S  activities  of  the 


filters)  the  traces  do  not  show  a  continual  increase.  The  discrete 
filters  would  imply  a  non-uniform  increase,  but  definitely  an  increase. 


while  the  ti’accs  show  small  stops  followed  by  an  almost  level  trace. 
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FLIGHT  DATA  -  £50  *2  vAPfUL  21, 172  to  22.002 
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The  discrepancy  was  traced  to  the  accumulation  of  radon  daugliter 


prtducts  which  decay  with  a  half  life  of  about  20  nuiiutrs.  The  biggest 
steps  occurred  at  2200  Z  when  the  planes  reported  light  turbulence  in 
the  vicinity  of  the  rain  showers  along  the  east  slope  of  the  Rocky 
Mountains.  Notice  the  adiabatic  lapse  rates  extended  almost  up  to  the 
20,  000  foot  level  in  the  Denver  region. 

Radon  escaping  from  the  earth  was  evidently  carried  aloft  by  the 
turbulent  mixing  in  the  adiabatic  layer.  The  subsequent  rapid  decay  of 


the  radon  daughters  dominated  the  instantaneous  counting  rate  but  had 


little  net  effect  on  the  total  accumulation. 


CHAPTKH  V 


SUMMARY  AND  CONCLUSIONS 


The  radioactivity  arid 


meteorological  obyei  vaiioiis  ubiaiticd 


during  Project  SPRINGFIELD  have  established  the  validity  of  the 
tropopausc  folding  proposed  by  Reed  in  1955.  The  simultaneous 
increase  in  radioactivity,  increase  in  temperature,  increase  in  wind 
speed  and  decrease  in  dew  point  which  was  observed  as  the  aircraft 
passed  through  the  forecasted  layers  leaves  little  loom  for  the  skeptic 
about  the  folding  process  and  the  stratospheric  properties  of  the  air  in 
the  layer. 

Of  probably  greater  importance  is  the  evidence  in  support  of  a 
positive  correlation  between  the  radioactivity  and  the  potential 
vorticity.  The  correlations  in  these  data  were  sufficiently  consistent 
to  warrant  quantitative  estimates  of  the  radioactivity  concentrations 


based  on  the  potential  vorticity  calculations. 


Since  the  latter  can  be 


computed  over  the  entire  volume  of  the  troposphere  and  much  of  the 
stratosphere,  a  reasonable  distribution  of  radioactivity  can  be 
determined.  Reasonable  in  the  sense  that  it  will  show  the  layered 
sti'ucture  of  the  radioactivity  in  both  the  tropospheie  and  stratosphere. 
It  will  also  show,  as  did  the  SPRINGFIELD  data,  that  a  layer  in  the 
middle  troposphere  may  have  a  much  higher  concentration  of  radio¬ 
activity  than  exists  in  the  stratosphere  20,000  or  30,000  feet  above  it. 
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T)ic  SPRINGFIELD  data  also  supiJorts  the  author's  assumption 
that  the  large  values  of  potenUal  vorticity  are  created  in  the  middle 
stratosphere  and  the  lovt'  values  in  the  lower  troposphere.  All  samples 
from  air  with  large  values  of  potential  vorticity  contained  high 
activities  --  as  yet  there  has  been  no  exceptioUj  both  in  tiic  SPttINGFIELD 
data  and  the  1960  data.  Thus  indicates  that  the  stratospheric  air  moves 
diabatically  down  through  the  stratosphere  on  the  cyclonic  side  of  the 
jet.  Then  it  is  extruded  from  the  lower  stratosphete  into  the  troposphere 
where  it  passes  beneath  the  jet  as  it  descends  and  moves  to  lower 
latitudes. 

Project  SPRINGFIELD  provides  the  meteorologist  with  tangible 
evidence  that  adiabatic  transports  are  significant  and  that  they  can  be 
computed  in  three  dimensions  from  the  isentropic  charts.  During  the 
past  twenty  years  the  isentropic  charts  have  been  neglected  or  ignoied. 
Asa  consequence,  the  meteorologist  has  been  conditioned  to  visualize 
the  atmosphere  from  horizontal  surfaces  widely  separated  vertically. 

The  flow  patterns  on  the  pressure  surfaces  mislead  the  meteorologist 
with  respect  to  the  actual  three  dirnensionai  motions  of  the  air  parcels. 
The  importance  of  stratospheric-tropospheric  transport  has  been 
underestimated  both  in  the  process  of  cyclogenesis  and  in  the  production 


of  severe  wmather. 
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Isentropic  charts  for  the  northern  hemisphere  are  now  available 
or  can  readily  be  prepared  by  machine  methods.  A,  Gustafson  of  the 
United  States  Weather  Bureau  has  developed  and  tested  a  program  for 
computing  the  pressure,  temperature,  isentropic  stream  function  and 
geostrophic  potential  vorticity  by  interpolating  from  Uie  machine 
analysed  isobaric  charts.  R.  Duquet  and  the  author,  at  Pennsylvania 
State  University,  have  developed  a  program  for  calculating  all  of  the 
isentropic  data,  including  the  winds  and  moisture  by  integrating  each 
sounding  from  the  suiface  to  any  specified  upper  level.  Hemispheric 
charts  are  currently  being  produced  and  analysed.  The  data  loolt  good 
and  the  prospects  for  studying  the  three  dimensional  motions  on  a 
hemispheric  scale  are  exciting.  The  significance  of  these  motions  to 
the  problem  of  world-wide  radioactive  fallout  can  now  be  investigated. 
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